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ABSTRACT 


A  literature  search  was  conducted,  to  determine  suitable  candidate 
catalysts  for  the  Sabatier  reaction.  A  test  system  was  designed  and  fabri¬ 
cated  for  evaluating  the  candidate  catalysts  material,  to  select  ah.  optimum 
catalyst.  The  system  included  a  reactor  sized  to  .handle  2.5  lbs  of  COg  per 
day,  equivalent  to  one-man  output.  Three  smaller  reactors  were  also  used 
to  test  more  accurately  the  effects  of  changes  in  temperature,  flow  and 
catalyst,  configuration. 

The  optimum  catalyst  was  determined  to  be  ruthenium  metal  .powder,  having 
a  bulk  density  of  85  Ib/ft  ,  and  an  average  particle  diameter  of  0.002-0.003 
’  inch.  The  minimum  temperature  required  with,  this  catalyst  to  provide  over 

99%  conversion  of  C02  was  357°Fj  at  one  atmosphere,  a  Bg:C0g  ratio  of  4.4, 
and  a  space  velocity  of  310  hr  .  During,  a  thirty-day  duration  test  with 
ruthenium  metal-powder  COg  conversion  remained  essentially  at  995°,  and  the 
catalyst  remained  unchanged.  A  short  period  of  intermittent  injection  of 
HpS  gas  into  the  feed  gas  line  did  not  affect  performance.  Operation  at 
reduced  pressures  down  to  .5  psia  caused  only  a  1-2$  decrease  in  COg  con¬ 
version  with  all.  other  parameters  held  constant. 

The  theoretical  equilibrium  reaction  limitations  are  discussed  in  the 
report.  Various  laboratory  catalyst  preparations  and  their  effects  on  the 
reaction  are  described,  and  conclusion  and  recommendations  are  listed  at 
the  end  of  the  report. 
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SECTION  1 


INTRODUCTION 

1.1  Program  -Objectives 

The  -overall  objective  -of  this  program  was  to  develop  a  catalyst  -.which 
would  -efficiently  promote  the  Sabatier  process,  i.e.,  reduction  of  carbon 
-dioxide  with  hydrogen  at  low  temperatures  to  form  water  and  methane  in  high 
.yields.  -Complete  conversion  is  promoted  by  .operating  at  3009F  or  lower., 
based  on  theoretical  .equilibria  with  -stoichiometric  quantities  -of  hydrogen 
and  -carbon  -dioxide.  The  accompanying  objectives  were.: 

1.  To  relate  -catalyst  performance  with  -catalyst  properties^  - 
preparations  .and  possible  poisoning. 

:2.  To  .determine  yields  at  varying  temperatures,  flow  orates  and 
pressures. 

3«  'To  .measure  -and  relate  power  requirements  for  heating  -and  initiation 
.of  the  reaction  with  a  .system  -capable  of  processing  2.5  lbs. 

-COq/day. 

Thom  the  results  of  these  objectives,  ;and  on  the  basis  of  :a  -comparison 
-of  performance  .and  operating  temperatures  and  power  requirements  -an  optimum 
-catalyst  was  to  be  .-selected. 

!.'2  Program  Phases 

The  initial  phase  -of  the  program  .consisted  of  a  literature  .search  of 
publications  -of  work  reported  for  the  reactions  between  -.carbon  dioxide  -and 
hydrogen  -and  for  -all  .catalysts  utilized  in  these  reactions.  Prom  this 
-search  -a  listing  -of  -candidate  catalyst  materials  was  prepared, 

'The  -second  phase  -consisted  -of  the  .design  -and  fabrication  of  -an 
-experimental  -system  which  was  used  to  measure  the  -catalyst  perfo~  lance  of 
the  -selected  candidate  -materials. 

The  third  phase  of  the  program  was  the  -actual  testing  -of  -catalyst 
.materials  and  the  measurement  of  operating  variables.  In  this  phase  data 
were  collected  -on  .yields,  temperatures,  flow  rates,  pressures,  -and  power 
requirements  for  the  various  -materials  tested-;  the  -effects  of  -using 
different  -catalyst  preparations  were  -also  correlated  with  catalyst  performance. 
The  test  results  from  this  phase  were  used  -as  the  -basis  for  -selection  of 
the  optimum  -catalyst  -and  for  the  final  program  -conclusions  .and  recommendations. 
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the  optimum  catalyst  and  for  the.  final  program  conclusions,  and  recommendations. 


1 


1 


SBCTICir  2 
T.TTSRAIPRE-SSABCg 

The  literature  search  vas  directed  mainly  to  investigating  publications 
on  COg  metbanation  and  reduction  catalysts  based  on  independent,  government 
and  industrial  research.  The  investigation,  vas  hot  limited  only  to  reactions 
vhich  give  methane  and  vater  as  the  primary  end  products  hut  also  considered 
the  general  hydrogenation  of  carbon,  dioxide  regardless  of  end  products, 
because  the  catalysts  used  bad  potential  application,  vith  modification,  to 
the  Sabatier  process. 

2.1  Independent  Research 

The  investigation  of  independent  research  -was  initiated  vith  an  extensive 
examination  of  the  American  Chemical  Society  *Chenical.  Abstracts*. 

References  on  Eethanfttioa  and  reduction  of  carbon,  dioxide  here  examined 
beginning  vith  the  year  1900  and  extending  through  I9S3*  A  large  meber  of 
references,  approximately  seventy,  vere  found  pertinent  and  their  abstracts 
.recorded..  Slightly  over  cnerhelf  of  the  references  dealt  vith  methane  as  the 
CC>2  reduction  product,  vhlle  the  remainder  indicated  production,  of  higher 
bydrocerbcas,  carbon  -monoxide,  and  pure  carbon. 

Many  catalysts  ana  combinations  of  catalysts  vere  described,  but  those 
■which  indicated  the  highest  oethanation  capability  vere  Group  VHT  metals  - 
Ru,  Rh,  Ir,  Ei,  and  Co*  Early  vork  (1325)  by  Rlscher  and  Trcpsch  showed 
that  ruthenium  vill  promote  the  reduction  of  COg  vith  td  give  phly  CBJj. 
and  B^O  at  300°  to  JtfX)0  T  and  atmospheric  pressure,  vith  complete  conversion 
of  the  CC£J.  partial  conversion  starts  -at  20Q?F.  Various  other  metals  will 
also  give  complete  conversion  but  not  necessarily  at  ms  low  tenroeratures  as 
vith  ruthenium.  The  order  of  methanating  activity  of  these  metals  is  as  ,  j  i 

shown  above,  according  to Elscher.  '  •-  -  i  -  1 

Catalystj  other  than'  GrqupVllI  pure  metals  prompted  the.  formation  of 
higher  hydrocarbons  such  as  formaldehyde.  These  catalysts  vere  alloys  of 
Group  VIII  raetalsyith  each  orrhr  or  vith  Cu,  Ag,  Au>  2n,.  Mn,  Ba,  Or,  or 
oxides  of  Al,  2a,  Cr,..Ba,  THa,  Ti,  Ce,  Th>  Mo,  or  H. 

In  addition  to  the  Chemical  Abstracts,,  the  science  Abstracts- published 
by  the  Institution  of  Electrical  Engineers  and  the  Engineering  Index 
published  by  Engineering  Index,  Inc,,  vere  investigated?  they  did  not  provide 
any  data  beyond  that  shown,  in  the  Chemical  Abstracts. 

2.2  Government  Publications 

Documents  and  publications  from  various  government  research  and  testing 
laboratories  also- vere  investigated  in  the  same  manner,  particularly  in 
light  of  the  large  amount  of  vork  performed  in  recent, years  in  the  area  of 
catalysis  by  these  agencies. 

The  literature’  search  of  government  publications  bn  contract  projects, 
symposia,--  and  independent  reports  .included; 
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.  A3C,  Rudear  Science  Abstract 

2.  RASA,  Scientific  and  Technical  Aerospace  Reports 

3.  RASA,  Technical  Publications  Anhoupcesents 

4.  International  Aerospace  'Abstracts  - 

5-:  ASHA.,  Technical  Abstracts  Bulletin 

6.  GTS,  U.  Si  Government  Research  Reports. 

Most,  of  the  information  extracted  free  these  sources  confirmed,  excandedy 
of  refined  earlier  referenced  work. 

2.3  Industrial  Publications  ; 

-  :  S  *•  -  •  .  o 

Publications  by  industrial  catalyst  manufacturing  concerns  were  investi¬ 
gated  as  follows: 

1.  En&Lehard  Industries*  Inc.*  Technical  Bulletin,. 

2.  Platinum  Metals  Review  (3 ~i  Bishop- &  Co.), 

3*  Ruthenium.,  The  Metal,  Its  .Alloys,  Chemical  Compounds  and 

Catalytic  Properties  (an  International  RickaJL.  Go.,  Inc.  brochure), 

V.  Annotated  Bibliography  on  Ruthenium,  Rhodium,  and  Iridium  as 
Catalysts  (The  Intefnatiphal  Uicicei  Ec.,  Inc.)y 

5-  General  catalogues  describing  cctmaerciaily  available  catalysts, 
methods  of  production,  and  equipment  and  procedures  for  evaluating 
cataXystic  parameters  were  obtained  from  Engelhard  Industries,  Inc., 
»T.  Bishop  &  Co.,  Ruclear  Metals,  Inci,  Bow  Metal  Products  DIv», 

Bow  Chemical  Co.,  International  Richel  Co.,  Inc.,  The  Rarshaw 
Chemical  Co.,  Catalyst  and  Ceramic  Biv.,  Chemical  Products  Bivision 
of  Ghemetron  Corp.,  Catalytic  Combustion  Corp.,  and  Pansteel 
Metallurgical  Corp.  -  - 

6.  Catalogues  dealing  specifically  pith-  catalyst  supports  and  promoters 
were  obtained  from  the  Morton  Coi,  J ohcs -ManyiHe  Celite  Bivision, 
Kraft  Chemical  Co.  (Chicago)!  Tamms  Industries  Go.  (Chicago). 

2.4  Summary 

The  literature  search  indicated  the  successful  use  of  several  materials 
as  catalysts  for  carbon  dioxide  reduction  with  approximately  total  methanatlon- 
at  temperatures  between  300°  and  500°P.  Of  these  materials,  ruthenium 
provided  the  best  performance,  while  other  Group  "VIII  metals  also  catalyzed 
carbon  dioxide  reduction. 

AH  of  the  references  consulted  in  the  three  areas  of  the  literature-’ 
search  are  tabulated  in  the  appendix. 
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SECTION  3 

IXEEKIMESTAI,  SS5T2* 

The  experimental  system /was  designed  and  fabricated  to  operate  at  a 
nominal  capacity  of  2*5  lbs.  carbon  dioxide/day  oyer  a  test,  taaperatuf  e  range 
from  200°  -to  600°F.  and  at  pressures  of  5j  10  and  14,7  PSIA.  The  system  was 
to  provide  the  test  data  required  to  accurately  monitor  catalyst  performance 
in  terms  of  the  reaction  yield  and  temperature,  at  varied  flow  rates. 

The  system  consists  of: 

1.  A  reactor  and  electric  heater  with  variable  voltage  control 

2.  COg  and  Eg  flow  regulators  and  rotameters 

3.  A  temperature  sensing  controller  for  operation  of  the  heater 

4.  Manometers  for  reactor  pressure  indication 

5.  An  outlet  gas  water  trap  and  absorbent 

6.  Ah  outlet  gas  flovmeter 

7*  Thermocouples,  and  temperature  indicators. 

A  gas  chromatograph  and  several  infra-red  detectors,  were  used  to  monitor 
the  inlet  and  outlet,  gas  stream  composition. 

jour  different  reactor  configurations  were  used  in  the  experimental 
system  during  different  phases  of  testing.  As  the  program  progressed  it 
became  apparent  that  different  configurations  were  needed  because  no  one 
configuration  alone  provided  for  accurate  measurement  of  all  the  testing 
variables. 

3*1  Reactor  Configuration 

3.1.1  Reactor  1-G 

The  first  reactor  was  fabricated  from  glass.  This  reactor  was  utilized 
prior  to  the  design  and  fabrication  of  a  full-size  stainless-steel  reactor 
for  preliminary  testing  with  commercially  prepared  rhodium  and*  ruthenium 
catalysts.  The  purpose  of  these  tests  was  to  obtain  experience  with  catalysts 
as  supplied  from  a  commercial  source  and  to  observe  any  performance 
characteristics  which  might  affect  the  design  or  fabrication  of  the  full-size 
reactor. 

The  1-G  reactor  was  made  of  Vycor  glass,  capable  of  withstanding  1200°F. 
It  was  1  inch  in  'diameter  and  18  inches  long.  „  Approximately  35  grams  of 
l/8-inch  catalyst  pellets  filled  a  10-inch  length  in  the  tube.  Two  l/8-inch 
diameter  thermocouple  wells  ran  through  the  length  of  the  tube, 

A  series  of  preliminary  tests  were  run  with  the  glass  tube  at  low  COg 
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feed  rates  (0. 2-0*3  lb.  COg/day),  and  no  unusual  results  were  noted. 

Consequently,  the  full-size  reactor  vas  fabricated  and  incorporated  into  the 
system. 

3.1.2  Reactor  1-S 

The  full-size  reactor,  designated  1-S,  was  made  of  stainless-steel  and 
was  sized  to  handle  the  carbon  dioxide  output  of  one  man.  This  reactor  was 
suitable  for  use  with  catalyst  particles  above  0.04  inch  in  diameter. 

The  design  of  the  catalytic  reactor  was  based  on  three  major  factors: 

1.  A  carbon  dioxide  flow  of  2.5  Ibs/day  with  a  stoichiometric  quantity 
of  hydrogen. 

2.  A  catalyst  hed  space  velocity  nominally  of  500/hr  or  higher  with  a 
catalyst  bed  length/diameter  ratio  between  3  and  4. 

3.  Control  of  the  catalyst  hed  temperature  "both  during  start-up  which 
requires  heating,  and  during  continuous  operation  which  requires 
cooling. 

Various  other  factors  were  considered,  including: 

1.  Preheating  the  inlet  gases  to  reaction  temperature  before  the  gases 
enter  the  catalyst  hed, 

2.  Preventing  outlet  gases  from  cooling  and  condensing  HgO  formed  in 
the  reaction, 

3.  Simple  but  multiple  temperature  measurements  at  selected  points 
within  the  reactor  and  catalyst  bed, 

4.  Simple  removal,  and  replacement  of  the  catalyst  material. 

The  reactor  assembly  drawing  is  shown  in  Pigure  1,  and  a  photograph  in 
Figure.  2. 

Based  on  the  required  COg  flow,  space  velocity,  and  bed  length/diameter 
ratio,  for  operation  at  approximately  400°F  and  14.7  psia  the  catalyst  hed 
dimensions  are  8-inches  long  and  2-inches  in  diameter.  The  bed  volume  is 
24  cubic  inches  and  holds  approximately  4-50  grams  of  l/8-inch  cylindrical 
alumina  pellets.  To  provide  for  removing  the  heat  of  the  exothermic  reaction 
the  reactor  was  fitted  with  a  permanent  cooling  Jacket,  which  forms  an 
annular  passage  around  the  length  of  the  catalyst  hed.  The  annulus  is  l/l6~inch 
thick,  and  air  circulates  during  cooling  along  the  bed  length  parallel  to 
GOg  flow  within  the  hed.  The  annulus  is  only  l/l6-inch  thick  to  minimuze 
resistance  to  heat  transfer  during  start-up-  or  subsequent  bed  heating.  An 
electric  heating  tape,  with  a  nominal  output  of  150  watts,  was  wrapped  spirally 
around  the  outside  of  the  Jacket. 

Incoming  COg  and  Eg  are  heated  to  reaction  temperature  by  passing 
centrally  through  the  length  of  the  catalyst  within  a  l/2-incn  diameter  tube. 
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Figure  1  1-S  REACTOR  ASSEMBLY  'DRAWING 


After  leaving  this  tube  fee  gases  reverse  flow  direction  and.  pass  through  the 
catalyst  bed.  By  this  means  the  center  of  the  bed  Is  cooled  and  the  inlet 
gases  are  simultaneously  preheated. 

The  end  of  the  reactor  where  ,  gas  flow  direction  reverses  is  fitted  with 
a  flange  and  removable  end-plate  for  access  to  the  catalyst.  A  silicone 
rubber  O-ring  seals  the  end-plate  to  the  flange.  A  thin. metal  baffle  plate 
is  attached  to  the  inside  of  the  end  plate.  This  baffle  prevents  gas  flow 
from  striking  the  end-plate  and  traps  a  stationary  gas  volume  to  prevent  over¬ 
heating  of  the  end-plate  and  possible  damage  to  the  O-ring  seal. 

At  the  opposite  end  of  the  reactor  a  l/2-inch  diameter  outlet  tube  dis¬ 
charges  frca  the  wall  of  the  reactor.  Hot  reaction  gases  contact  all  surfaces 
of  this  end  to  maintain  a  high  temperature  and  prevent  H2O  condensation. 

The  catalyst  is  contained  between  two  removable  perforated  disks  which 
slip  over  and  are  supported  on  the  central  gas  inlet  tube.  Two  temperature 
wells  of  l/8-inch  diameter  are  located  in  the  catalyst  afongthe  length  of 
(l)  the  gas  inlet  tube,  and  (2)  the  inner  surface  of  tbe  reactor  wall. 
Temperatures  are  . measured  at  various  points  in  the  well  by  moveable  thermo¬ 
couples.  The  reactor  was  fabricated  entirely  from  stainless-steelj  all  seams 
were  heliarc  welded,  except  for  the  thermocouple  well  connections  which  were 
brazed. 

This  reactor  configuration  provided  data  on  gas  flow  rates,  power  inputs, 
and  temperature  control  techniques.  However,  during  operation,  -a  100°-250°F 
temperature  gradient  in  both  the  axial  and  radial  -direction  of  the  catalyst 
bed  prevented  accurate  measurement  of  the  reaction  temperature. 

3.1.3  Heactor  2-G 

Primarily  to  eliminate  the  extreme  temperature  gradient  problem,  a 
-second  glass  reactor  was  fabricated,  and  designated  .Ho.  :2-G.  .The  reactor, 
shown  in.  Figure  3?  provides  the  following: 

1.  A  catalyst  support  for  fine  catalyst  metal  powders,  and  catalysts  on 
fine  support  powders,,  up  to  I50  .mesh'j 

2.  A  .smaller  catalyst  bed  volume  which  permits  testing  smaller  amounts 
of  -catalysts,  and  which  minimizes  the  temperature  .gradients  In  the 
bed. 

This  reactor  ’differed  from  the  original  glass  reactor  in  that  Its 

length  to  diameter  ratio  was  ■approximately  2:1  instead  of  10:1,  although  the 
total  -catalyst  bed  volumes  were  approximately  the  same.  The  2*35  reactor 
was  heated  'externally  by  a  spirally  wrapped  heating  coil.  Ho  provision  was 
made  for  cooling  the  reactor  because  it  was  anticipated  that  radiation  and 
convection  away  from  the  outer  reactor  surfaces  would  provide  adequate  heat 
removal* 

Two  thermocouple  wells,  -one  at  the  bed  wall  and  the  other  ;at  the  bed 
center,  were  used  to  measure  temperatures  within  the  catalyst.  Inlet  /gases 
were  not  preheated. 
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Although  operations  with  -this  reactor  essentially  eliminated  excessive 
temperature  gradients  in-fhe  catalyst  tea,  and  permitted  testing  of  catalyst 
powders,  the  reactor  volume  was  .large  and  did  pot  provide  for  testing  of  low 
volumes,  in  the  range  of  ID  cc,  of  catalyst  materials. 

3*iA  Reactor  3-D  - 

In  order- that  tests  could  he  performed  on  limited  (amounts  <of  -catalyst,  .a 
third  -glass  reactor  ^designated  3**f0  "was  fabricated;  this  reactor  is  shcran 
in  figure  4.  : 

lid's  reactor' ~was  designed  primarily  for  testing  pure  metals  in  the 
platinum  family  -which  -are  generally  -available  only  in  powder  form,  (approxi¬ 
mately  I50-  to  <200-mesh-  (>0.003  to  ;0;002-inch  -average  particle  diameter). 

Ho?  in  this- reactor  is  (-upward,  since  preliminary  tests  showed  downward  flow 
through  powder  of  this  mesh  size  'creates  --a  very  high  (3-4  psi)  pressure  drop 
through  a  1—  -to  -2r»ineh  deep  layer..  'She  top  -of  the  reactor  is  curved  into 
•an  'elbow  -and  heated  to  prevent  condensation-  <of  product  water  which  could 
'Otherwise  condense  .-and  -collect  -on  the  -catalyst  surface  -and  iinpaif  the  _ 
reaction.  r . 

3.'2  lest  Monitoring  .-and  .'Control  System 

the  test  monitoring  rand  control  system  -consisted  -of  the  following 
componenisjas  shown  in  Figure  ‘5±  . 

1.  -C0  ;and  <H  Slow  regulators  .-and  rotameters 

>2.  A  temperature  sensing  'controller  for  heater  'operation 

3.  -A  water  manometer  fox  inlet  reactor- pressure  indication 

4.  .An  (outlet  gas  flowmeter 

5.  thermocouples  .-and  temperature  indicators 

>6.  -Gas  .-analyzers  for  measuring  feed  .-and  (outlet  gas-  (compositions 

the  002  ;and  3Hg  flow  regulators  were  1^4-inch  (Nuclear  -Products  (Company 
vernier  fine  metering  valves,  fed  Tby  Bastian  ;and  Blessing  low  pressure 
-single-stage  regulators  set  .-at  ;2  ps'ig.  the  rotometers  were  Fischer  --and 
Borter  ;2SArl92Q2  glass  flowmeters  with  (sapphire  floats,  -with  >a  nominal 
.maximum  'capacity  cf  ’$60  cc/min  ibased  ton  standard  .-air.  the  temperature 
(controller  was  ;a  West  Instrcment  (Corp.  iModel  <3  indicating  pyrome'tric  (controller 
•actuated  by  .-a  thermocouple  sensing  the  (catalyst  bed  temperature,  the  -outlet 
gas  flowmeter  was  .an  American  (Meter  (Company  (Model  Bo.  Airl-j’-l  '-Wet  test 
>Meter;,  (having  .ra  -maximum  flow  rate  -capacity  -of  llters/hr-.  the  thermo¬ 
couple  used  was  -Chromel-Alumel,  .and  the  temperature  indicator-recorder  was 
•a  Minneapolis  Honeywell  :24-point  multipoint  recorder.. 

A  Beckman  (GC-2  'chromatograph  with  ;a  thermal  conductivity  detector  was 
•used  initially  to  monitor  the  inlet  .and  cutlet  gas  (stream,  the  changes  in 
composition  were  fairly  rapid  .and  the  chromatograph  response  time  was 
inadequate  for  -closely  relating  (degree  -of  (conversion  to  temperature. 
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'(Figure  %  3-S  3REACT0R  SCHEMATIC  -DRAWING 


Subsequently*  -the  chromatograph  vas  replaced  by  two  Mine  Safety 
Appliance  Co.  JIRA  Model  300  Infra-red  detectors  loth  reading  0-3Q&  COg  by 
volume.  The  detectors  continually  and.  separately  monitored  the  inlet  and 
outlet  gas  composition.,  The  signal  from  the  outlet  detector  vas  fed  into 
a-  series  of  points  on  the  Sk-point  recorder  to  give  a.  relatively  continuous 
indication  of  degree  of  GOg  conversion  simultaneously  vith  temperature 
indication. 
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SECTION  \ 

CATALYST  TESTING  PROGRAM 

The  catalyst  testing  program  was  concerned  with  the  actual  performance 
rating  of  ,a  series  of  catalysts  tested  under  varied  operating  conditions. 

The'  primary  objective  was  to  determine  the  optimum  catalyst  Which  world  pro¬ 
vide  essentially  complete  (9S&  nr  higher).  GOg  conversion  at  the  lowest 
temperature*  The  accompanying  major  objectives  were  to  relate  catalyst  per¬ 
formance  with  catalyst  properties  and  preparations,  and  to  4eterraine  temperature, 
pressure,  and  space  velocity  effects  on  COg  conversion.  Luring  testing  the 
power  ;and  cooling  necessary  for  initiation  and  control  of  the  reaction  were 
measured  for  a  system  operating  at  one-man  capacity, 

h.l  General  linn 

The  overall  approabh  for  catalyst  testing  considered  several  basic 
factors,  first,  the  theoretical  aspect's  of  the  chemical  reaction  were 
examine  1  to  determine  temperature  and  pressure  limitations.,  where  possible, 
based  on  chemical  equilibrium  theory.  The  theoretical  calculations  indicated 
the  practical  temperature  ranges  and  the  effects  of  subatmospheric  pressures 
for  actual  experimental  testing. 

Second,  candidate  catalyst  materials  were  procured  specifically  as 
catalysts  from  industrial  manufacturers.,  to  take  advantage  of  the  specific 
properties  'designed  into  the  materials  by  the  mannfacturefs.  The  physical 
properties  of  these,  catalystrs.^.  such  as  site,  density,  shape,  chemical  com¬ 
position,  support  material,  etc,,  were  used  as  the  basis  for  final  selection 
for  actual  testing, 

-  Third,  based  on  the  performance  of  industrial  catalysts,,  laboratory 
preparations  "were  made  of  high  performance  catalyst  materials  to  show  the 
effects  of  preparations  on  the  amount  of  GOg  'Converted,  Also,  various 
industrial  catalyst  materials  were  pre-treated  in  the  laboratory  to  determine 
the  effects  of  pre-treatments  such  as  hydrogen  reduction,  air  oxidation,  or 
surface  activation  with  mineral  acids. 


finally,  both  the  industrial  and  the  laboratory-prepared  catalyst 
materials  were  tested  under  varied  conditions  of  temperature,  flow,  feed 
composition,  and  pressure.  These  parameters  were  varied  to  provide 
sufficient  data  to  adequately  rate  the  performance  of  each  material,  to 
determine  the  minimum  operating  reaction  temperature,  and  to  ultimately 
determine  the  overall  optimum  catalyst  along  with  the  power  and  cooling 
requirements  for  sustained,  controlled  and  efficient  reactor  operation* 


1,2  -Reaction  Theory 

The  chemical  equation  for  the.  Sabatier  reaction  is; 

C02  t  - >  VRk  *  2H20 

The  equilibrium  relation  is; 

.  _  ;S!i3tHg032  - 

Kp  i«yi^fra 

vhere  *  Pquilihrium  constant,  .pressure 

"[  ]  ■»  Volume  concentration  *  "Hole  fraction 
"n  =»  Total  pressure 

If  the  'degree  of  conversion  of  'G0_  is  represented  by  X,  then  the  number 
of  moles  of  -GOg  «t  equilibrium  is  i  -  X,  of  hg  is  \  ■»  <4X,  of  GS^  is  X,  of 
JSgO  is  2X,  and  the  total  present  is  5  ■-  2X» 


The  equilibrium  relation  becomes; 

k  »  .  -  g)5  „  -  ?xf 

p  (1  -  x)'('l  %r(:5  -  64(1  -  xj'V2 

from  the  Gibbs'  free  energy  relationship,,  enthalpies,  'and  standard  heats  of. 
formation  the  equilibrium  constant  may  he  related  to  temperatures  to  give 
the  graph  shown  in  figure  6. 

from  the  equilibrium  equation  'and  this  graph,  the  theoretical  'degree  of 
COg  conversion,  can  be  related  directly  to  the  equilibrium  temperature.  This 
relationship  is  depicted  in  figure  V  which  shows  the  maximum  possible  GOg 
conversion  at  atmospheric  pressure  and  any  given  temperature  for  a 
stoichiometric  ratio  of  1;1, 

from  this  curve  it  can  he  seen  that.,  from  equilibrium  considerations., 
it  is  desirable  to  operate  the  reaction  at  temperatures  approximating  300°P 
for  1GQ$  'COg  conversion,  or  up  to  1’00°F  for  99$  conversion;  operation  at 
temperatures  higher  than  these  will  prohibit  this  high  degree  of  COg  con¬ 
version. 


If  all  of  the  reaotor  bed  were  at  a  temperature  higher  than  lOO^f,  it 
would  be  impossible  to  achieve  99$  conversion,  with  the  actual  possible 
degree  conversion  governed  by  the  minimum  temperatures  in  the  bed*  In 
practice,  however,  there  is  usually  a  temperature  .gradient  in  the  bed,  with 
the  inlet  running  higher  than  the  outlet. 


1? 


4  ^  ^  +  2HgO 

R  -  ^iCC2  mtic,  ToluMtric 
?r  »  »sft?ttcai  iranure.  Pala. 
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"For  example,  at  the  inlet  where  the  temperature  my  he  550  F,  due  to  the 
exothermic  energy  release,  conversion  will  -approximate  S&fa.,  while  the  middle 
is  at  lQ0°F  with  $9$  conversion,  and  the  outlet  at  3QQ°F,  with  conversion 
-approaching  100$, 


Complete  conversion  would  thus  he  -achieved  hut  only  because.  a  sufficient 
portion  of  the  reactor  was  at  300 °F.  The  ideal  theoretical  reactor  would 
■operate  isothermally  at  a  maximum  of  300 °F,  with  the  inlet  gases  preheated  to 
this,  temperature  level.  If  the  reaction  could  he  initiated  .and  sustained  at 
even  lower  temperatures  complete  conversion  would  still  he  achieved.  This 
lower  temperature  would  he  limited  only  hy  the  vapor  pressure  and  correspond” 
.-ing  dew  .point  of  the  product  water.  Condensation  of  product  water  within  the 
catalyst  -bed  could  have  the  undesirable  effect  of  decreasing  the  activity  and 
■capacity  of  the  reactor. 


The  theoretical  temperature  to  which  the  rgas  mixture  could  rise  in  an 
adiabatic  reaction  may  he  calculated  ^  cm  the  standard  heat  i  f  reaction, 
the  heat  capacities  of  the  reactants  and  products.,  and  the  'degree  of  COg 
conversion.,  hy  Using  mean  moial  heat  capacities  the  temperature  may  he  closely 
approximated  hy  the  following  equation:  - 


(A^)  (X)/{XCa  4  SXC2  4  (1  -  X)  C3  4  1  (1  -  X) 

where  T  - 

theoretical  reaction  temperature 

Thef.  * 

standard  reference  temperature^  77°F  t-25°C) 

= 

standard  heat  of  reaction 

X 

■degree  of  'G02  conversion 

G 


mean  moial  heat  capacity  'between  T  -and 
with  subscripts  1  -  'CH^;,  £  -  3  =  CC>2  and 


•'Curves  of  the  temperature  versus  COg  conversion  are  shown  also  on 
Figure  7.,  Tor  hglCOg  ratios  of  1.0  and  1.5*  '(-For  h^OOg  -  1.5  the 
coefficient  of  (1  -  X)C^  becomes  1.5)* 

The  intersection  of  this  curve  with  the  equilibrium  conversion  'Curve 
indicates  the  maximum  temperature  to  which  the  reactor  hed  could  rise  in  an 
uncooled  reactor. 

As  can  he  seen  from  the  graph,  the  temperature  would  approximate  1080°F, 
and  conversion  would  he  50$»  This  temperature  is  of  importance  in  reactor 
'design  since  it  'demonstrates  the  maximum  to  which  reactor  materials  would  he 
subjected  in  -an  -emergency  operation  where  -cooling  Tailed. 
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For  operation  with  the  'H2*CP2  ratio  .'greater  than  4-.0  the  family  of  short 
curves  aligned  -with  the  equilibrium  curve  shows  the  ’effect  of  these  ratios 
with  values  of  4.1,  %*3  and  %.i>.  At  a.  ratio  of  1-.5  a  oonversioh  of  f$S^>  is 
possible  at  temperatures  up  to  approximately  '3J$9F:,  as  compared  to  '4Q09F  for  a 
4r»0  ratio.  These  curves  thus  iemcnstrate  that  '99*100%  conversions  are 
possible  well  above  the  :400°F  limit  if  the  ratio  is  increased  by:  Only 

a  slight  'amount. 

The  effects  of  operating  at  pressures  below  atmospheric,  can  also  be  'deter¬ 
mined  theoretically  from  the  equilibrium  relation,  by  substituting  appropriate 
values  foririn  the  -equilibrium  equation.  The  dotted  line  on  Figure  '17  .'shows 
the  maximum  possible  C02  conversion  versus  temperature  for  stpichiometric- 
dot’CO^  ratio  of  %:1,  but  at  5  psia. 

From  the  'dotted  'curve  it  -can  he  seen  that  the  maximum  temperature  for 
'$$%>  conversion  at  this  pressure  is  approximately  which  is  -4o9f  below 

the  maximum  at  atmospheric  pressure.  'The  curve  .'shows  that  the  'effect  of 
operating  at  lower  pressures  may  he  offset  if  the  reaction  can  he  ’'catalyzed 
to  ’completion  at  a  lower  temperature.  Dins  -again  is  due  to  the  fact  that  the 
equilibrium  'constant  increases,  with  'decreasing  temperature. 

In  summary,  the  effect  of  operating  at  suhatmospheric  pressures  down  to 
5  psia  should  be  negligible  from  equilibrium  considerations  in  -a  reaction 
temperature  range  of  302)°  to  -4'00°F. 

'The  effects  Of  'changing  the  space  Velocity  through  the 'reactor  coMd  not 
he  predicted  with  ieli&hllity,  since  these  .effects  are  dependent  on  the 
Mnetics  of  the  reaction.  'The  theoretical  Idnetic  aspects  of  the  reaction 
-are  such  that  estimates  'of  the  reaction  rate  'could  be  in  error  by  one  or  two 
Orders  of  magnitude-,  based  on  the  present  state  of  ddnetic  theory. 

In  practice  the  space  'velocity  through  the  reactor  was  held  in  the  range 
of  500/hr,  based  on  the  'conclusions  in  Technical  documentary  deport  3Jo. 

FD1  64-22,  Fart  I,  ^'Investigation  of  'Catalytic  deactions  for  ^COg  deduction,?*' 

F.  F.  'Thompson,  -Jr.,  'October  1954. 

•4.3  jExperimental  Test  desuits 

In  this  section  the  experimental  results  are  .discussed  for  -all  of3  the 
catalysts  tested  in  each  of  the  'different  reactors.  Summaries  of  .-all  tests 
in  the  complete  program  'are  .listed  consecutively  in  numerical  order  .and  are 
shown  in  the  appendix. 

Also  in  this  section  the  commercial  catalysts  used  are  -described  along 
with  support  materials.  The  results  of  the  tests  'are  summarized  In  terms  of 
catalyst  performance,  and  the  effects  of  'various  catalyst  preparations, 
temperature,  pressure,  and  space  velocity  are  related  to  overall  performance. 
Following  the  'discussion  of  the  test  results  the  details  of  the  chemical 
preparations  are  summarized  for  'each  of  the  catalysts  prepared  in  the  FRD 
laboratories. 

Based  on  GG2  conversion,  sustained  operation,  minimum  temperature,  and 
power  'and  cooling  requirements  the  optimum  catalyst  was  selected. 
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4.3.1  'Catalyst  -'ana  Support  -Material's 

The  .-materials  tested  In  this  program  as  potential  catalyst  candidates 
vere  selected  from  a  listing  based.cn  the  literature  .'search.  .The  list  cf 
candidate  materials  'was': 

3tu,  hh,  Tr,  iNi,  'Co,  'Os,  It,  Id,  Ta,  %  "Cb,  Mo. 

These  materials  vere  procured,  .primarily  from  catalyst  .manufacturers  hut  also 
fim^aDanufAeturers  or  the  pure  metals  cr  metal  -oxides.  The  materials  procured 
Specifically  as  -catalysts  vere  .'supported  cn  'various-media,.  namely,  'alumina 
^(JflgOo).-,  carbon,  -'and  Ideselguhr  ^'diatcmacepus  earth)-.  'These  .support,  media 
vere  in  the  form  cf  'either  1^8  oc  1^8  and  3/l'6  2c  3^16 -inch  cylinders,,  -or 
powders  between  .150  .'and  '250  mesh. 

/All  of  the  candidate  .materials  'except  tungsten  -and  tantalum  .were  procured 
specifically  as  catalysts  and-  .supplied  oh  cne  or  more  of  these  -support  media. 
Most  of  the  materials  vere  -also  procured  as  pure  metals  in  powder  form  ranging 
in  size  from  <80  to  '£$0  mesh.  'The  table  in.  figure  <'8  ©hovs  a  listing  'of  the 
'candidate  material's  and  /supports  tested  'and  the  /associated  'experiment 
number  (s,)  Tor  'each  material-. 

-Tor  initial  testing  in  the  program,  commercial  catalysts  vere  .selected 
instead  cf  laboratory  prepared  catalysts,,  to  take  advantage  cf  the  specific 
catalytic  properties  designed  into  the  catalyst  and  support  hy  the  commercial 
manufacturers.  3h  this  manner  the  -experience  and  preparative  techniques  of 
these  manufacturers  ve re  utilized;,  -and  the  likelihood  cf  successfhl  reactor 
/operation  was  increased. 

/Pelleted  catalysts  vere  nsed  because  they  provided  a  ihigh  surface  area 
for  a  /given  veight  cf  catalytic  .'agent,  'This  vas  cf  importance  in  testing 
metal's  in  the  platinum  family.  M. :so  the  pelleted  catalysts  vere  easily  /and 
readily  tested  in  the  fuil^siae  reactor  vhiie  powdered  materials  vere  not, 
since  the  p'cwders  could  pass  through  the  perforated  'disks  cn  the  ends  cf 
the  catalyst  bed. 

The  pelleted  alumina-supported  catalysts  in  the  platinum  family  vere 
r0.5$  metal  hy  Veight  cn  /Al^Oo*  /Physical  examination  Cf  this  pellet  showed 
the  metals  impregnated  to  depths  between  vOl  and  i03  Inches  into  the  /surface 
cf  the  alumina,  rather  than  as  a  very  thin  pure  metallic  layer  cn  the  outer 
pellet  surface.  <Nickel  -and  its  oxide  /and  /amine  'derivatives  in  pelleted  form, 
hoth  cn  alumina  -and  ideselguhr  supports,,  vere  homogeneous  pellets  -with  no 
'distinctive  outer  surface  layer.  The  'amount  cf  nickel  in  the  pellets  ranged 
from  -10$  to  -60$  by  veight. 

Although  the  supported  catalysts  vere  metallic  in  nature,  they  vere  not 
electrically  conductive.,  indicating  that  the  metals  vere  combined  with  the 
supports  in  'Other  than  a  purely  mechanical  fashion.  The  support  .materials 
vere  activated  alumina.,  pure  carbon,  'and  Ideselguhr.  -Kieselguhr  is  -essentially 
a  hydrous  amorphous  silica  containing  trace  .'amounts  cf  iron  oxide,  alumina,  and 
-other  cxide  impurities.  /Several  types  of  commercial  kieselguhrs  vere  used 
as  supports: 
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Figure  8  CATALYST  MATERXAl^  MB  SUPPORTS 


/a.  iMicro-celi  25  Synthetic  calcium  isiMcate  formed  iby  reacting  diatomite. 

-’with  lime.  (Surface  iaf.ea.ip  particle  size 

"<  (O.l/ju.  Droduct  of  .dolms/ManvIlie  Dorp. 

b.  Filter-cel  (Natural  ((uncaSbKtoeii)-  diatomite.  Surface  area  33D-15 

*6$g%  Dafticie  size  .  SEroducit- of  .3,xftns>sManv333® 

-  Doip. 

c.  <000  SMuuLti-cel  Diatomaceous  earth.  Surface  (area  %6.1  aa^gm;,  average 

particle  size  1 0t32.5  //i.  Froduct  of  (Tamms  Industries 
(Co.,.,  (Chicago,,  131.  - 

(The  (surface  .'areas  of  (several  ikieselguhrs.  -range  (between  330  'and,  1{£5  mu^gm., 
while  activated  [gamma  alumina  is  220':i$$gm,  and  carbon  is  f800  to  ■2000  m2$g m. 


JBure  metal  (powders  and  metal  oxide  (powders,  used  in  the  (program  (were  used 
essentially  .in  the  -form  obtained-  from  commercial  sources,  (The  [powders  ranged 
from  So  to  .250  mesh.  The  .[platinum  family  metals  were  obtained  from  manufac¬ 
turers  who  deal  in  (both  catalysts  and  the  [pure  (precious  metals.  (The  -other 
metals  .and  metal  oxides  were  obtained  from  commercial  sources  in  the  chemical 
-•and  metallurgical  industries. 


3Bhe  physical  [properties,,  support  material  and  supply  source  for  all  the 
catalysts  used  are  listed  in  the  .appendix-. 

%*'3.-2  (Catalyst  'jests 

The  basic  operating  conditions  for  measuring  catalyst  peri ormance  were 
as  follows;: 

(COg  (Flow  ((one-man*)  ::  12.5  Ibsfday  **  cc^min  at  1  atm..,  'JF0°F 

iH0  IFlow  ::  to  %.5  :x  (C0O  Flow 

tc.  (d. 

IReactor  Pressure  2  Ih.’Y.-,  10/0  and  5/0  psia 

The  full-size  stainless  steel  reactor,  3No.  1-S;,  was  built  and  sized  to  operate 
under  these  conditions;,  while  the  tliree  [glass  reactors,,  3Sfos.  1-.,  2-,  .'and 
were  built  for  special  purposes  and  were  .not  designed  specifically  to 
operate  (under  ;s31  of  the  .'above  conditions. 

During  operation  of  the  system  the  objective  of  performance  testing 
primarily  was  to  relate  the  degree  xf  carbon  dioxide  conversion  with 
temperature,,  at  varied  flow  rates  and  pressures  for  different  catalysts  and 
supports.  The  degree  of  carbon  dioxide  conversion  is  the  fraction  of  carbon 
dioxide  entering  which  reacts  -with  hydrogen  to  f  02m  methane  <and  water.. 

From  the  reaction  equation, 

i'C02  •*  3®2 - (CH^  ;2H^0 

the  degree  of  conversion  .may  be  calculated  from  a  measurement  -of  the  inlet 
and  outlet  COg  concentrations.  Assuming  the  product  water  is  condensed  out,. 
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-She  (degree  of  (conversion  iss 

X  =»  ((a  —  b))/,(ra  =-  (4ab)) 

where  X  =  .fraction  of  inlet  (COg  (converted 
;a  •—  anole  fraction  <of  (COg  in  inlet  fgas 
lb  «  imole  fraction  of  (CO_in  outlet  fgas. 

'  ~  cC. 

with  product.  water  rbondensed  (out. 

In  itzhe  .’actual  system  where  -the- inlet  (COp  .concentration,  ,a,  was  iEixed,, 

•the  .degree  <pf  (C02  (conversion  was  read  (directly  .from  the  outlet  /gas  (COg  (con- 
ccentration,  »b. 

'the  (graph  in  Bigure  S  (shows  the  (degree  rot  (COg  (conversion  -versus-  (COg 
outlet  (concentration  2tor  (several  inlet  (QQ  (concentrations. 

tC. 

2Pht.  -33  reactor-  was  (designed  to  (allow  (operation  (at  rone-man  tcapacity  with 
.•measurements  of  .carbon  dioxide  conversion.,  (reaction  temperature  and  pressure;, 
(and  (system  Iheating  arid  (cooling  regui-r.emerits.  As- will  tie  (described  sub~ 
seguently,  accurate  catalyst  bed  temperature  (measurements  were- mot  .possible, 
rand  (smaller  reactors  such  <*as  the  £2r©  (and  3~G  were  (needed  to  (decrease  the 
(catalyst  (bed  size  and  permit  (accurate  temperature  measurements. 

Based  ton  the  results  (of  the  literature  sseardh,  ruthenium  (and  rhodium 
were  indicated  initially  (as  the  (best  catalysts  ®or  low  temperature  (C©2 
rmethanatlon.  (Consegueritly  both  to  test  reactor  operation  rand  to  {gain  (experi¬ 
ence  with  tie  test  (monitoring  system  .several  preliminary  tests  were  initiated 
with  these  oatailysts  .using  the  3HB  {glass  reactor. 

;  At  a  (f'Og  (flow  of  (approximately  C0.'2~man  capacity  ((«-  (O©  ccc^mini).,  with 
l/8~inch  pallets  of  rhodium  on  .alumina,  conversion  began  .at  lf009F;,  and 
reached  (6f$  (at  ‘560^P.»  With  similar  pellets  cof  ruthenium,  (COg  (conversion 
began  at  approximately  30Q9F  (and  .completed  between  38©°  :and  %©%.  ihese 
tests  .showed  .no  .unusual  results  .and  testing  was  conse_quenfly  changed  to  the 
full-sizia  1-*S  reactor,. 

'4.3. '2.1  IReactor  Ho.  1~S  -r--  Ik  (series  cof  twenty-one  tests  were  run  in 
the  1-iS  .reactor,.  iRuthenium,  iridium,  ,jnd  .rhodium  :on  l/:8"inch  alumina  pellets,, 
and  nickel  on  1^8-inch  Xieselguhr  pellets  were  tested  in  this  series.  Ihese 
(catalysts  were  (supplied  by  (commercial  imsnufacturers. 

Ihe  best  performance  .with  this  reactor  at  one-man  .©On  capacity  ((apprcxi- 
stately  %p.  cc  ICOg^riin,  IHg'J'COg  -of  4{/6')  was  (with  ruthenium  where  S9#  (C©2 
(conversion  occurred  at  (approximately  5hQ9F:}  1  atm.,,  and  a  space  velocity  of 
470  br*3-  ((lest  ,#§),.  .Space  velocity  is  lotal  ©as  Volume  How  Bate,,  B.B.^/ldtal 
reactor  ^Volume. 


3?he  .other  .catalysts  tested  .under  the  same  conditions  and  providing  the 
same  conversion  required  reaction  temperatures  .of  (6 I75°F  for  nickel-kieselguhr 
-'and  over  '!7.5Q°-F  -tor  rhodium  '(#18),.  Iridium  promoted  no  conversion  .up  to 
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(Outlet  CCQ2>  % 


iF4'gure  <9  (COp  (CONVERSION  WS.  (C.0o  (OUTEET  (CONCENTRATION 


700%  ($16}  Jj)*  The  temperatures  indicated  are  the  maximum.  in  the  catalyst 
"bed  and  parts  of  the  'bed  were  at  considerably  Tower  temperatures.  However, 
any  decrease  'below  this  maximum  temperature  resulted  in  lowering  of  the 
percentage  of  C0o  converted* 


The  temperature  in  the  led  of  the  T-S  reactor  ran  typically  as  follows; 


Inlet  2nd 

toddle 

Outlet  2nd 

Vail 

395 

540 

£99  (Test  #8) 

Center 

445 

503 

2? 5 

The  middle  of  the  reactor  -ran  at  higher  temperatures  than  either  end  of  the 
8-inch  long  reactor.  Once  the  reaction  reached  Complete  COg  conversion  the 
maximum  temperature  remained  in  the  middle.  However,,  at  the  start  of  the 
reaction  the  highest  temperature  Was  at  the  center  of  the  inlet  end. 

The  temperature  profile  in  the  reactor  remained  relatively  constant 
during  sustained  operation  if  alternate  heating  ana  cooling  were  properly 
regulated.  When  cooling  was.  not  provided  the  reaction  temperature  would 
rise  spontaneously  at-  one-man  CCg  feed  rates,  and  in  some  tests  rose  readily 
to  75*1%  end  would  have  gone  higher  if  allowed. 

The  large  •temperature  gradients  in  the  1-S  reactor  prevented  accurate 
correlation  of  a  true  reaction  temperature  with  GOg  conversion,  and  also 
created  difficulties  in  closely  controlling  the  temperature  "by  either  heating 
or  Pooling  the  reactor. 

The  best  performances  with  the  1-S  reactor  at  varied  fractions  of  one-man 
capacity  for  these  catalysts  were  as  follows,  for  99&  Conversion  at  1  atm.  > 
and  SgiCOg  of  4.8i 


- 

ff 

cc/nm 

Space 

Yel.hr'"'*" 

Reaction 

m— — — 

stttllL'c  x 

Test 

Ho. 

Ruthenium 

’472 

470 

540 

8 

382 

'380 

475 

11 

221 

220 

500 

15 

117 

H7 

525 

21 

Hickel-Kies. 

472 

470 

675 

19 

382 

380 

840 

19 

221 

220 

530 

19 

117 

117 

4i0 

19 

Rhodium 

472 

470 

V 

0 

18 

382 

380 

740 

18 

•221 

220 

887 

18 

117 

H7 

585 

18 

■Again  ruthenium  provided  the  best  overall  prefonnance  although  the 
required  reaction  temperature  did  not  decrease  as  anticipated  with  decreas¬ 
ing  space  velocities,  as  it  did  with  nickel  and  with  rhodium.  This  disparity 
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in  'temperatures  is  attributed,  to  the  fact  that  the  temperature  measurements 
tor  ruthenium  were  made  in  tour  different  tests  with  varying  ''changes  in  the 
considerable  temperature  profile  in  the  its  reactor*  The  temperature  measure¬ 
ments  were  sequential  during  the  same  tests  tor  nickel  -and  tor  rhodium*  and 
showed  at  least  a  consistent  trend  within  each  test. 

h.3.2/2  Reactor  ho.  -2-0  -  'The  'difficulties  in  measuring  a  true  reac¬ 
tion  temperature  in  the  l-'S  reactor  led  to  the  construction  of  the  2-0 
reactor*  A  series  of  twenty-three  tests  {Nos.  22  to  hi-)  were  run  with  the 
2M3-  reactor*  Ruthenium  and  nickel*  each  on  l/8-inch  alumina*  cobalt  and 
nickel*  each  on  l/8-inch  -kieselguhr.*  and  ruthenium  on  alumina  .powder  were 
tested  in  this  series.  .• 

'The  2*0  reactor  volume  was  approximately  '0.25  o'f  the  1-S  reactor  volume* 
A  flow  0?  117  e'e  'COg/min  (in  terms  Of  space  velocity*  420  to  4f0)  was 
equivalent  to  a  cne-man  C02  flow  in  the  l-'S  reactor*  At  this  space  velocity 
the  maximum  temperature  in  the  reactor  for  95$  'COg  conversion  at  1  atm.  and 
•HgVCCg  of  4.6  with  ruthenium  on  l/8-inch  'alumina  was  hBoPp  at  the  cutlet 
of  the  catalyst  bed  (Test  $24) . 

'O 

The  vertide  temperature  gradient  was  100  -F  in  the  reactor.*  but  this  was 
not  unexpected  because  the  inlet  gases  were  not  preheated.  The  front  end  of 
the  bed  heated  the  inlet  gaS  .and  fan  at  approximately  4869f.  Since  the 
reaction  is  exothermic  the  true  temperature  for  S>9$  conversion  in  the  2-0 
reactor  bed  was  between  380°  and  48o9f  for  this  test.  The  radial  temperature 
gradient  was  approximately  10°  -  13>9f* 

To  decrease  the  vertical  temperature  gradient  the  space  velocity  in  the 
reactor  was  levered  to  approximate  values  of  420*  330*  130*  and  45$  hr"*1  in 
the  l-'S  reactor.  The  best  .performances  for  approximately  complete  conversion 
(95t99$)  at  1  atm.  and  RgtCCg  of  4.45  were': 


C02  -Flow 
ec^min 

Space  1 
Vel.hr 

Reaction 
Temp.*  % 

Test 

-No. 

Ruthenium 

-117 

418 

4o5-:48o 

-24 

1/8"  Alumc 

38 

’  132 

430-470 

31 

19 

66 

388-412 

-28 

-'Nickel 

95 

330 

465-532 

36 

l/8n  kies. 

38 

I32 

.330-3SO 

35 

19 

'66 

360-400 

34 

In  these  tests  the  vertical  temperature  gradient  in  the  hed  decreased 
to  40°F  at  66  hr""1  and  759F  at  4l8  hr  ”1.  The  true  reaction  temperature 
was  thus  more  closely  related  to  CO^  conversion. 

In  later  tests  of  ruthenium  on  j/8-inch  alumina  {$37} 38)  the  degree  cf 
Cq2  conversion  dropped  Off  sharply  to  between  40 $  and  ’75$  at  temperatures 
and  velocities  which  previously  were  adequate  for  '9$)$  conversion,  i.e.,* 

480°F  and  4l8  hr"  -.  Reactivation  of  the  ruthenium  by  reduction  with  hydrogen 
at  300°F  for  I70  hours  raised  the  Conversion  to  85$  Cf  expected  'capacity 
(#43).*  but  only  temporarily*  since  in  the  next  test  the  conversioi.  dropped  to 
48$  (#44).*  at  415-423^  and  66  -hr"*1. 
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In  all  the  tests  with  the  2-5  r-eac’tor  the  temperature  an!  conversion  values 
were  allowed  to  come  to  equilibrium  and  stabilise  by  operating  the  system  for 
suffieiently  long  .periods  up  to  one  -hour  at  each  temperature  level* 

_  '~Q 

■Tests  with  ruthenium  on  alumina  .powder  showed  no  conversion  even  up  to  '700  F» 
IJickel  on  l/8-in'ch  alumina  only  after  reduction  with  hydrogen  at  lor 

lS  hours  provided  38$  conversion  at  S'lj^F  and  SS  hr*"-1.  'Cohalt  on  l/8-kleselguhr 
provided  83$  conversion  at  S770F  .and  SS  hr"1* 


Several  additional  factors  were  observed  (during  this  series  of  tests? 

a*  decreasing  the  ratio  from  4*4  to  1/0  (decreased  conversion 

from  $)S$-  to  80$  "(few) 

b.  Sarbon  dioxide  desorbs  from  the  catalyst  surface  when  the  bed 
temperature  Is  lowered,  giving,  a  temporary,  apparent  but  false 
change  in  rC0^  conversion  {$2$,33)-» 

c*  'CO2  conversion  Increases  with  temperature  increase  up  to  a  particular 
temperature*,  Above  this  temperature  conversion  -either  increases  no 
further  or  actually  decreases  '{$35*  37*  381)  * 

d-.  "With  both  nickel  and  cobalt  catalysts  some  carbon  monoxide 
{(6*b5'-5.45$)  was  formed  in  the  '90°-^o9f  range. 

fhe  catalyst  volume  in  the  2-35  reactor  {83  cc)  was  too  large  for  testing 
samples  of  pure  precious  metal  catalyst  powders*  Ihe  3"t3  reactor  {15  cc) 
was  built  primarily  for  this  purpose* 

4*3/2*3  heactor  do*  3-S  -  A  series  of  Y9  tests  were  run  with  the 
3-5  reactor*  Of  this  number  5k  tests  were  run  on  commercially  supplied  catalysts, 
and  -25  On  catalysts  prepared  in  the  IBRD  laboratories*  both  vertical  and 
radial  temperature  gradi'ents  in  the  catalyst  bed  approximated  10’oF* 

The  majority  of  tests  in  the  series  were  made  on  ruthenium  and  nickel  in 
several  forms  on  various  supports,  and  as  pure  metal  powders*  'The  remaining 
members  of  the  platinum  group  and  cobalt  were  tested  on  various  supports,  and 
with  the  exception  of  platinum  and  palladium,  as  pure  metals*  In  addition, 
tungsten,  columbidm  and  its  oxide,  molybdenum  and  its  oxide,  and  tantalum 
oxide  were  tested* 

Ail  of  the  catalysts  tested  with  the  exception  of  two  were  in  the  form 
of  powders  or  l|8-ineh  and  l/lS-inch  pellets*  The  two  exceptions  were 
ruthenium  on  two  (different  metal  gauze  supports* 

The  best  ’CQg  conversion  performance  in  all  of  the  tests  in  the  3'"G  reactor 
was  with  15  ec  of  ruthenium  metal  powder  {155-255-mesh)  which  promoted  over 
r$'$$  conversion  at  357°F,>  1  atm*,  Hg'-ZGOg  rof  4*4$,  and  a  space  velocity  of 
31t)  hr""1  {'Test  $53) »  This  performance  was  achieved  only  after  the  ruthenium 
was  activated  with  nitric  acid  washing  and  air  roasting  as  described  in 
Section  1.3* 3*1*  The  raw,  unactivated,  commercial  ruthenium  powder  promoted 
no  conversion  of  'CDg  up  to  4'7. ffipj}  after  reduction  with  hydrogen  at  3'25°F  for 
IS  hours  it  promoted  only  87$  conversion  at  ,573°F  {$46,  48)*  For  comparison 
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purposes,  It)  ce  of  ruthenium  on  -lf8-ineh  alumina  pellels  ^used  in  earlier 
tests  in  the  reactor)  pere  similarly  activated  Pith  nitric  acid  and  -air 
reacting  and  tested-,  tint  promoted  90$'  conversion-  only  after  the  reaction 
reached  €0Q9f.$  conversion  wa?*  fQ$>  -'at  35sf9F  and  'did  not  actually  start  until 
;4l5°-F  Wftb 

Buthenium  on  -kleselguhr  powder  provided  95$  conversion  -at  5?5°F,  and  on 
alumina  powder  only  $£)$  at  ®5t)9F  t$S’0,  ^2)-.  Buthenium  on  carbon  "promoted 
no  conversion  nap  to 


Uhe  second  test  performance  in  the  3~t}  reactor  pas  pith  osmium  metal 
powder  ’(150 -mesh)  phi'ch  promoted  over  93$  tlQg  conversion  at  %5G>^F  under  all 
the  same  conditions  as  Pith  ruthenium  metal  powder,  hat  at  a  space  velocity 
of  o20  Ihr"^  flest  $49)  ■*  'The  osmium  vas  activated  only  by  reduction  pith 
-hydrogen  at  3259f  for  IS  hours*.'  lor  comparison,  osmium  on  l/6-inch  alumina 


temperature  reached  2T0'o9f  ;,($8l)  -.  lurther  activation  pa's  attempted  by  nitric 
acid  washing  and  i  cir  roasting  but  this  completely  removed  the  osmium  metal 
from  the  alumina  ;l  ;upports„  Activation  in  this  manner  is  dangerous  because 
poisonous  osmium  ietroxide  vapors  can  be  generated'. 


‘The  "third  best  performance  Pas  pith  nickel  phich  promoted  99$  conversion 
at  'S&O0  to  Both  nickel  metal  powder  and  nickel  on  Meselguhr  powder 

and  1^8-inch  pellets  promoted  the  reaction  911)’.  However,  the  nickel 

metal  powder  required  preparation  by  thermal  decomposition  of  reagent  grade 
nickel  formate  Pith  subsequent  hydrogen  reduction,  and  storage  in  a 
atmosphere  until  used  in  'the  reactor  to  prevent  the  highly  pyrophoric  nickel 
from  spontaneously  oxidising  and  losing  its  catalytic  properties-.  Unless 
these  procedures  and  precautions  pare  observed,  iUe.,  use  of  reagent  grade 
materials,  hydrogen  reduction,  and  carbon  dioxide  storage,  this  conversion 
temperature  could  not  be  attained  pith  pure  nickel  metal. 


A  special  commercial  stabilized  nickel  amine  originally  provided  97$ 
conversion  at  *!4S5Q-F,  but  the  test  pas  of  short  duration,  and  after  the 
catalyst  pas.  reduced  in  hydrogen  at  3959F  for  IS  hours  9 7^9$  conversion 
required  W5°F  W&%  'Wr* 


Helther  rhodium  or  iridium  metal  powders,  pre -reduced  Pith  hydrogen, 
promotes,  any  conversion  up  to  !980^P  ''($53.->  ’74).  The  other  pure  metals  tested, 
columblum,  tungsten,  and  molybdenum,  showed  meager  or  no  conversion  up  to 
€50'°-F  ^#73*  <84,  <85). 


An  interesting  phenomenon  pas  noted  pith  columbium.  -The  metal  powder 
as  commercially  supplied  ranged  from  <80  to  ;20'©-mesh  in  size,  and  in  this 
form  did  not  promote  <C0g  conversion.  The  metal  pas  sieved  and  a  sample 
pith  size  150  to  &<3'0-mesh  pas  separated.  1'  ’s  sample  promoted  30$  con¬ 
version  at  €§09p  ^($87),  phere  no  conversion  occurred  pith  the  coarser 
sample 

Hickel  on  -kieselguhr,  either  commercially  available  or  laboratory  pre¬ 
pared,  required  activation  by  hydrogen  reduction,  but  -did  not  require 
storage  in  a  rG02  atmosphere.  Both  pellets  and  powder  performed  equally  pell 
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in  the  3-5  reactor*  'ir'he  laboratory  prepared  nickel  -on  kieselgubr  involved 
nickel  formate  'and  •'ammonia  as  described  in  'Section  %»3'«3»3* 

.Hone  of  the  other  catalysts  performed  as  veil  as  ruthenium,  osmium  or 
nickel-,  A  'commercial  'cobalt  'catalyst  on  1^8  x  3/lS-iheh  kieselguhr  provided 
ptffc  'conversion  but  only  aft  '651PF  after  activation  with  hydrogen  at  325^  for 
15  hours  BZ9)~  lure  cobalt  metal  powder  promoted  only  €>5$  ’conversion  at 

65'0°h  #86), 

Ihe  oxides  of  odumbium,  tantalum  and  'molybdenum  [promoted  no  conversion 
•up  to  '600°F  #80.,  8|,  :92>. 

Among  the  members  of  the  platinum  /group  ’(excepting  ruthenium)  on  various 
supports  the  best  performance  was  pith  5$  .‘rhodium  on  alumina  powder  which 
promoted  :9Q$  conversion  at  €§0r°F  #71),  Hone  of  the  other  supported  'catalysts 
in  this  group  showed  any  appreciable  conversion  capability. 

.’Among  the  mixtures  of  powders  made  by  grinding  up1  the  1^8-incb  alumina 
pellets  having  '0 ,|$  platinum  group  coatings.,  the  best  performance  was  with  a 
50-50  mixture  of  ruthenium  and  palladium,  ‘ibis  mixture  promoted  $©$  con¬ 
version  at  550°i  #33l4)%  Ha'ch  pi  these  powders  alone  promoted  83$  -(Hu}  and 
'^1 $  #3)  conversion  between  <$75°  'and  IfOC^F  #310,  115!)  -  fhis  indicated  that 
a  synergistic  effect  does  take  place  with  mixtures  of  the  platinum  metals* 

Ihe  two  samples  of  ruthenium  'deposited  on  the  surface  of  200-mesh  stain¬ 
less  steel  gauze,  and  /200-mesh  nickel  gauze  provided  no  conversion  up  to 
500'%  #308,.  lop)-. 

A  long  ‘duration  run  was  made  with  pure  ruthenium  metal  powder  to  'determine 
the  relative  life  Of  this  catalyst  #123)-,  fhe  run  was  continued  for  thirty 
1 30)  'days*  Ihe  ruthenium  metal  powder  was  a  mixture  of  catalysts  from  runs 
$315  to  $31rS»  Uhe  required  reaction  temperature  was  1351F  for  complete  802 
conversion,  although  in  previous  testing,  the  required  temperature  was  only 
35if&  #53),  Ihe  space  velocity  and  iH^XTOp  ratio  were  310  hr'-'1  and  k,k5*l, 
respectively^. 

luring  the  entire  thirty-day  ran,  the  catalyst  provided  continuous  and 
complete  rG0g  conversion  with  no  signs  of  'deterioration  or  change  in  the 
catalyst-.  After  the  test  was  stopped  the  physical  appearance  of  the  catalyst 
was  essentially  unchanged,  although  the  ruthenium  'did  appear  somewhat  lighter 
in  color  than  at  the  start -Of  the  test,  Ibis  slight  color  -change  may  -have 
been  'due  to  desorption  of  surface  water  from  the  catalyst,  brought  about  by 
the  sustained  high  temperature, 

During  the  last  three  'days  of  the  test,  hydrogen  sulphide  gas  was 
introduced  into  the  carbon  dioxide  and  hydrogen  feed  line  to  ‘determine  the 
effects,  if  any,  of  poisoning  the  catalyst.  All  of  the  5roup.  "VIII  metals 
catalysts,  both  the  platinum  (group  and  He,  5o  and  Hi,  -have  been  reported 
susceptable  to  poisoning  by  sulfur  compounds,  such  -as  HgS,  mercaptans  and 
'carbon  disulfide,  particularly  when  these  metals  were  used  in  the  Hischer- 
Iropsch  synthesis  of  paraffins  from  carbon  monoxide  and  hydrogen. 


fhe  hydrogen  sulfide  was  injected  into  the  inlet  gas  stream  which  was 


Slowing  ^at  'a  ’total  rate  of  50  ce/min  of  GOg  and  Sg.  At  15~minute  interval's 
■a  ’quantity  of  G/Ol  cc  of  PgS  was  injected  into,  the  stream  for  a  period  of 
six  hours  an  three  successive  'Says,  IThis  amount  at  lys  produced  mo  ’Change 
in  the  GOg  ''conversion  •effectiveness  of  the  ruthenium  catalyst. 

t.3»3  Preparations  of  Gataiys’ts 

ihe  results  of  the  literature  search  and  of  initial  ’experimental  tests 
indicated  that  ruthenium  vas  the  catalyst  with  the-greatest  potential  for 
successfully  promoting  complete  and  low-temperature  reduction  of  carbon 
lioxide..  r0n  this  'basis  ruthenium  was  selected  for  experimental  laboratory 
preparation  to  determine  the -effects  of  different  preparations  end  supports 
on  GOg  reduction.  SQstinum'snd  hleicel  were  also  selected  for  laboratory 
preparation.  A  total  of  twenty-five  tests  were  made  with  laboratory-prepared 
catalysts,  all  in  the  3*$  reactor*  Uhe  numbers  of  these  tests  seres  51,  $2, 
55.,  55,  58,  59,  %  €a*  75.,  7'6.,  71,  f8o,  <B3,  r8.9,  50,  51,  5\>  55,  5^>  5-7,  58, 
10'6,  1G7,  108  and  1G5. 

Several  different  methods  were  used  for  preparing  catalysts.  Ihese 
weres 

-a.  decomposition  of  a  thermally  unstable  compound  or  Pg  reduction  to 
igive  a  finely  divided  compound  such  as  a  pure  metal  or  metal  oxide 
from  a  metal  salt. 

b.  Impregnation  of  a  carrier  or  support  material  with  a  solution  of 
the  catalyst  salt,,  followed  hy  reduction  or  ignition  of  a  mixture, 
leaving  pure  metals  or  metal  oxides  deposited  on  materials  with 
high  surface  area  to  volume  ratios. 

'c.  Precipitation  of  a  catalyst  material  from  solution,  with  subsequent 
washing  of  extraneous  ions,  and  final  conversion  hy  heating  or 
'drying. 

d.  ''Go-precipitation  of  a  Catalyst  material  and  support  material  from 
solution  to  provide  a  fgreatly  dispersed  catalyst  with  a  high 
activity* 

e,  Application  of  films  of  active  metal  catalysts  to  surfaces  hy 
actual  evaporation  of  the  metal  with  c  ondensation  upon  the  support 
surface. 


In  addition  to  these  chemical  preparations,  various  platinum  fgroup  catalysts 
from  commercial  sources  on  1^8-inch  alumina  pellets  were  .-ground  to  powder, 
approximately  10'0-150-mesh,  and  mechanically  mixed  in  varying  ratios  of  one  • 
metal  to  another,  for  measuring  the  effect  of  using  mixtures  of  these  metals 
as  catalysts. 

%.3.3»1  Puthenium  Preparations  *-  lo  prepare  solutions  of  ruthenium 
•from  the  metal  a  special  technique  is  required,  since  ruthenium  metal  is 
highly  stable  and  unreactive  with  most  acids  and  bases. 

a.  Preparation  of  hgWO^.,  and  Purified  Pu  Ustal 


Joiasslum  ruthenate,  X^RuOj,  is- -prepared  from  ruthenium  metal  by  mixing 
one  “part  tby  'weight)  of  finely  divided  ruthenium,  -one  part  3®0b>  fand  ten 
parts  3COH  in  a  pure  silver  crucible  and  heating  to  fusion  at  approximately 
1900Bf»  -The  probable  reaction  is: 

Hu  f  .'2KN05  -t  2K0H - ‘►ayRuD^  -4  &CTO  4  3g0  4  $40 

A  silver  crucible  -and  silver  stirring  spatula  are  required  since  silver 
is  .not  attacked  by  the  fused  alkali.. 

Ho  particular  precautions  are  necessary  'during  this  preparation  'other 
than  'observing  the  temperature  minimum.  At  B20^  the  reaction  does  not  proceed 
-even  -after  several  lours.  At  300%,,  the  -conversion  is  practically  complete 
after  ID  minutes,  tut  to  insure  ccsnplete  conversion  the  mixture  should  be 
maintained  at  this  tentpecatnre  for  a  minimum  of  one  lour-.  Hhen  the  reaction 
is  nearly  -complete.,  the  melt  surface  becomes  4)fet~S2sek,  and  lustrous  in 
appearance. 


fOn  -completion  of  the  reaction  the  oruclble  and  -contents  are  'cooled  to 
room  temperature.,  followed  by  dissolution  of  the  solidified  mass  in  distilled 
water-.  The  resulting  solution  is  deep  red  in  dolor. 

The  solution  is  -heated  to  toiling  and  an  excess  of  ethyl  -alcohol  added 
drop-wise.  A  finely-divided  flack  precipitate  <of  HciCSHk  immediately  forms. 
The  reaction  involved  is: 

ayRuo^  4  - ~^Ru(ai^  4  ftyi^oK  4  sgh^ceo  4  h^ 

The  precipitate  is  then  separated  from  the  solution  hy  means  of  a 
luchner  funnel, 

The  precipitate  is  cashed  between  ten  and  fifteen  times  with  distilled 
'water  until  a  neutral  pH  is  indicated.  A  dilute  HNO^  solution  may  he  used 
‘initially  to  neutralise  any  remaining  5C0H,  hut  this  is  unnecessary  if  the 
precipitate  is  thoroughly  'washed. 


f0n  completion  of  the  washing  step,,  the  precipitate  is  placed  in  an 
evaporating  dish  and  baked  at  fO‘d°>F  in  air.  This  converts  the  hydroxide  to 
HuOg. 

To  obtain  a  purified  finely-divided  ruthenium  metal,  the  resultant 
HuDg  is  reduced  in  a  stream  of  hydrogen  at  30D°%0d°F  for  four  to  five  hours. 
The  resultant  metal  particle  size  is  between  150-  and  :'25D-mesh  i-.OO30~.OOi5- 
inch)  ((Test  =^5 

To  obtain  a  finely-divided  ruthenium  m e t al-kie s elguhr  -catalyst,  a  'quantity 
•of  lieselguhr  approximately  100  times  the  jtal  weight  of  ruthenium  is  added 
to  a  ‘KjjRuO^-water  solution  followed  by  addition  of  ethyl  alcohol.  This  brings 


*  Humber's  in  parentheses  indicate  the  nuiaber  of  the  experimental  test  in  -which 
the  catalyst  'was  tested  as  listed  in  the  appendix.- 
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•'about  the  precipitation  -of  DufOH)^  in  the  presence  cl  the  hieselguhr  .support. 
’'The  product  ‘Is  washed  repeatedly  tunfil  ® o  traces  Cl  IKOH  remain',  -and  then  is 
dfied  'at  '<20Q9F  to  'Convert  the  precipitate  to  SRuOg,  which  'can  then  he  converted 
to  ruthenium  ®e'tal  -on  -hieselguhr  hy  reduction  inch,  rat  3009F.. 

7j?he  powder  can  he  'used  'either  in  this  state  'or  pressed  into  pellets, 
rslthough  pellets  made  from  this  powder  .'are  difficult  to  form,  have  little 
mechanics!  {strength,  rand  disintegrate  in  "water  (($51,  52,  *6ei)?. 

h.  Pap  or  Deposition  with  3RuO^ 

[Ruthenium  tetroxide,  DuO^,  was  prepared  recording  to  the  following 
procedures. 

A  small  {quantity  cl  Du'Og  ((prepared  ;as  described  previously))  is  placed  in 
-'a  distillation  Hash,  followed  hy  the  .'addition  cl  ran  excess  cl  concentrated 
perchloric  sold.  Hhe  mixture  is  heated  to  jgehtle  hoiling  rat  which  time  the 
Hash  becomes  filled  with  yellow. /gaseous  DuO|^  Uhe  probable  reaction  isc 

;2ruo2  *  SHClo^  - — — »  smofeg)  m-  ®ci 

-The  DuOj,  was  'driven  C$1  rand  condensed  cas  ra  yellow  solid  in  ra  Hash  rat 
the  temperature  cl  dry  Ice-acetone.  Ihe  DuD.  was  then  dissolved  in  cold 
Water.. 

Dn  completion  cl  the  reaction,  the  .solution  cl  SRuO^  was  heated  to  room 
temperature  rand  translerred  to  ran  ralumxna  support  hy  means  cl  the  system 
shown  schematically  in  IFigure  1G. 


figure  10  SuD^  Deposition  System 

Seating  the  DuG^  solution  released  -an  IRuO^  vapor  end  the  vapor  collected 
on  the  surface  ol  the  support,  -at  the  same  time  converting  to  ra  shiny  hlach 
deposit  ef  ter  -a  lew  hours.  Phis  deposit  is  believed  to  he  RuOg.  The  deposit 
clings  tenaciously  to  the  pellet,  being  removed  only  hy  scratching  the  surface 
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'.with  fa  sharp  instrument  (($95*  £6.,  .HQ'S;,  107/)* 

/An  .'alternate  method  was  tried  for  the  preparation  (of  BuO^  ‘based  .'on 
/general  information  in  the  literature  indicating  the  BuOj^  could  be  prepared 
-directly  from  the  metal  by  /heating  in  -oxygen,  2Dhis i  method  was  'attempted  with 
mo  .'success  -over  fa  temperature  mange  /from  770°  to  5500%. 

<e,  Bu'O^  impregnation 

iPhe  alumina  supports  ((both  l/8-inch  spheres  and  cylinders)  were  immersed 
-directly  in  liquid  aiuQjp  .removed  from  the  liquid,,  and  allowed  to  'dry  in  'sir.. 
35he  yellow  Buty,  again  Changed  color  to  a  (MEL,  light  /grey  deposit  on  the 
.surface  -of  thesupnort,  -differing  .markedly  from  the  vapor-deposited  supports 

(i 

<d-.  IRuOg  —  BercHloric  /A'cid  Impregnation 

(On  monpletion  of  an  SRuDj,  preparation,  a's  described  above,,  a  'viscous,, 
•black  liquid  remains  in  the  distillation  flask.  *Wben  all  remaining  water 
is  -driven  -off  by  beat,,  the  remaining  liquid  containing  dissolved  of  highly 
subdivided  ruthenium  is  .jjetfblack  in  -color  and  similar  to  concentrated 
perchloric  acid  in  ’viscosity. 


When/Al^Qg  pellets  are  immersed  in  this  liguid  and  then  removed  and 
/heated  to  -SOO^  in  hydrogen,  a  poorly  -adherent  black  deposit  remains  (( 


a.  /Electrolytic  -Deposition  of  Buthenium 


Attempts  -were  .made  to  deposit  ruthenium  black  on  nichrome  ribbon  using 
a  platinum  anode,,  and  the  following  electrolytes’: 

((a)  co;5  m  Dtci^  -t  D.5N  fflci, 

((b))  -0.'5  fgm  BuOH^  k- 1  ;gm  sulfamic  acid  in  100  mil  B^O 
((b))  %  :x  10"%  ®u(D0)'C13  •*  D.c5W  IHD1-. 

'Cases  ((a)  and  ((e)  produced  -dull  .grey,,  poorly  adherent  deposits  over  a 
range  of  current  values  from  .25-200  milliamperes,,  at  room  temperature.  In 
ease  ((b)  no  plating  occurred  for  conditions  identical  to  those  in  ((a)  and 
((c)..  Bather,,  ruthenium  metal  collected  in  the  bottom  of  the  cell  directly 
below  the  ccathode. 


f .  Activation  of  Buthenium  iMetal  Bowder 

The  following  treatment  was  found  to  markedly  improve  the  catalytic 
activity  -of  ruthenium  metal  powder. 

fen  -.grams  of  ruthenium  "(approximately  7  cc()  was  placed  in  a  beaker  contain¬ 
ing  75  bil  of  5N  BNOa1*  The  mixture  .was  heated  to  105°”, >  held  at  temperature 
for  five  minutes  -ana  then  cooled  to  room ’temperature.  The  mixture  was  then 
washed  repeatedly  with  distilled  (water  until  pH  measurement  indicated 
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neutrality.  'The  rmetal  was  then  (dried. 

Hext,,  the  ruthenium  was  placed  in  fa  silver  crucible  rani  beated  2m  »ir  tto 
.lfOO°C.  '.The  ruthenium  was  maintained  eat  this  benperature,,for  cone  bour;,  fat 
which  time  3&  was  cooled  rapidly  to  room  temperature.,  'arid  subsequently  'used 
for  testing. 

•g.  ’Deposition  rof  IRuf  con  [Stainless  Steel  and  Hiikel  ("Gauze 

Puthenium  dioxide  was  deposited  con  PO'O-aaesh  stainless  csteel  gauze  sby 
.wrapping  the  .stainless  steel  tightly  .around  :a  strip  .of  nickel  foil,  .and  then 
immersing  it  in  .’a  solution  cdf  IRuO^  sand  2Lj'0.  /A  black  deposit  formed  rafter  ?a 
few  .minutes  which  became  powdery  .and  .poorly  .adherent  on  drying.  Ho  deposition 
took  .place  when  the  -stainless  .steel  was  placed  alone  in  the  HuQ2*3|pO  solution, 
indicating  that  tne  nickel  probably  .acted- as  a  reducing  agent,  ms  material, 
on  testing,  was  [Bound  to  be  catalybically  inactive  however..  After  testing, 
inspection  -showed  that  the  original  powdery  deposit  'had  been  replaced  by  a 
grey-brown,  tenacious  deposit  (($10 8).. 

Puiheriium  dioxide  '.was  deposited  from- an  JRuOjpBgO  solution  con  200-mesh 
nickel  fgauze,,  in  the  .same  way  fas  con-,  stainless  gauze,,  but  gave  much  the  name 
-results  as  the  stair&ess-steel^uOg  material.  'One  exception  noted  was  that 
the  IRuOg  deposit,  subsequent  to  testing  appears  to  Have  been  replaced  by 
metallic  ruthenium  instead  .of  the  duEL,  gray-brown  deposit  observed  with  the 
sisiniess-steel  (($IQ9)r. 

*4.3  *3/2  Platinum  Preparation 
Preparation  rof  Platinum  black  roh  Pilier-Cel: 


IDbis  preparation  is  based  con  the  reaction 

PtCl,  -H-  PCOO  **  Ha  - m  -H-  fifCO,,  4t-  (iflfeCl  -H-  C2H 

‘4  .2  i 2 

[In  practice,,  :a  0.'85  gm  sample  of  Pt'Cl^  was  dissolved  in  .'250  -ml  distilled  water 
followed  by  the  .addition  of  '4..5  ;gm  Pilier-cel  which  results  in  the  formation 
.o'f  a  slurry,  -A  0/85  fgm  amount  .of  HaCODH  is  subsequently  added.  ™DKts  effects 
the  -reduction  .of  the  Pt'Cl^  to  the  black  which  i,s  adsorbed  .on  the  P£Lter4Cel. 
-The  PHter-cel  is  then  washed  and  filtered  repeatedly  in  a  fritted  glass,, 
Puchner  funnel,.  -After  washing,  the  platinum-black-Pilter-cel  mixture  is  dried 
at  fn  air.  The  .dried  powder  is  finally  -ground  to  200-aaesh  particle 

.'size  and  tested  ((.Test  $9^).. 

'4.3 .3  *3  Hickel  Preparations 

[Various  methods  were  used  to  prepare  both  pure  nickel  -metal  rand  nickel 
on  .support  media.  Hickel  is  readily  soluble  in  bases  and  acids,,  and  its 
■  salts  care  easily  converted  to  the  rmetal  -or  its  oxide. 


Pure  nickel  powder  was  prepared  in  .several  ways,,  from  the  carbonate,., 
oxide,  and  formate.  .Only  after  careful  preparation  from  reagent  grade 
materials,,  and  without  exposing  the  precipitated  nickel  to  air  was  any  degree 
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tof  conversion  achieved.  3Ji'dfce1L  an  its  pure  state  2®  readily  oxidized  '(by  air 
and  rapidly  .loses  Its  catalyzing  properties.  ihe  preparations  rare  'as  fcplowst 

a..  IReagerit  {grade  nickel  {oxide  ’.was  Cheated. itnlbydrogen  tat  TfOtfiFin  a 
*Vycor  {glass  tube  for  iS  ihours  to  provide  pure  nickel  metal  powdery  tapprbxi-' 
rmately  1200 •mesh,  for  vase  bn  testing.  {($7{7))f. 

ib.  INickel  (Carbonate  :on  iKieBelguhr,. 

in  this  method,  a  30.1L  aaodaEL  ablution  of  INfSO^  is  prepared,.  followed  ’by 
the  addition  of  .a  catalyst  carrier  .Buch  .as  'kieselguhr  nr  .'activated  charcoal. 
JSfext,  Jtiot  JiagCQo  solution  -is  added  to.  the  INiBOj^carrier  mixture,,  precipitating. 
.HiCOj,,  which  is  adsorbed  ;on  the  carrier.  'JEhe  IR'i'CCb-^carrier  a®  {separated 
trcm  the  .solution  and  .washed  repeatedly  .with  distilled  '.water  ’.until  all 
{detectable  BOj^  Ihas  teen  '.removed. 

iftfter  .washing.,  the  INi'COo’-carrier  .is  evaporated  to  'dryness.  fha  product 
becomes  .granular  .and  .hard  .ana  it  is  necessary  to  .grind  arid  ■sieve  the  compound 
tor  \use  as  a  catalyst. 


2Dhe  .dried  product  is  .now  placed  in  an  alumina  crucible  arid  beated  to 
IPSO  if  in  air,,  .which  brings  about  the  decsrboriizat'ion  of  the  apple-green 
i^TiCOg,,  forming  .fpeen-blackINi'G.  2Dhe  .conversion  seems  tobe  complete  after 
approximately  l~i$2  tours.  She  3110  can  .now  'be  reduced  tolNi  in  tsdrogeri 
at  SJOCRf  tor  16  .'hours  completing  the  {preparation. 

3he  .carrier  materials  .used  in  this  preparation  included  !Mulf icel,  (($61) 
and  activated  carbon.  IMiilticel  .worked- ^satisfactorily,,  adsorbing  'Ni'CQg, 

.with  ease;  the  .activated  carbon.,  towever„  adsorbed'  insigriificarit  amounts,, 
{obviating  its  tuse  as  a  carrier. 


c  •  INickel  EFormate  Decomposition  to  INickel  arid  INickel  :on  IKieselguhr 

was  precipitated  from  INi'Cbj  solution  .with  INa'OH  arid  '.washed  with 
distilled  water.  2Dhe  INif^OH)^  blurry  was  then  dissolved  in  a  alight  excess 
of  DCOOH  and  the  .solution  evaporated  to  -dryness  obtaining  crystallization 
of  nickel  formate. 


2Dhe  nickel  formate  was  then  Cheated  to  >5 00  f  in  a  Ihydrpgen  atmosphere 
.which  resulted  .in  its  .slow  decomposition  to  nickel  metal  according  to  the 
reaction: 

lNif(lECq20;2  — ~ — ->  INi  -H-  ■:+  2G02. 

.The  .decarbonization  .was  billowed  (2rjJf:2  days  to  .go  to  completion,  the 
resulting  nickel  powder  weighed  .slightly  less  than  the  theoretical  .yield 
indicating  the  possibility  that  .some  .moisture  was  originally  present  in  the 
formate  crystals  (($55,,  158.,  75>,  Y6')>. 

-In  preparing  nickel  on  .kieselgiihr  the  .above  described  procedure  was  used 
with  the  .modification  that  .Multicel  was  added  to  the  INi(('0H')2  after  it  was 
dissolved  in  a  .slight  excess  of  IEC00H.  J3?he  weight  of  .Multicel  used  -was 
approximately  .equal  to  the  weight  of  the  nickel  in  the  'Ni((rOH)  2  ((lest  $89),. 
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in  another.  nickel  formate  becamposition,,  tShe  hydrogen  feed,-? was 
interrupted  '^hen,  duriiig  the-  heafram.  the  formate  ^reachei  5009EU  SSas  devolved 
ffrnm  -tthe  decomposing  formats,  act  several  htuidred  ncftrfin.  2Ehe  temperature  ;of 
the  reaction  remained  ab  2>6o9f  for  approximately  cone  hour  arid  then  rose  to 
<900%,  apparently  'because  the  .decomposition  aceadSxm  tab.  tended  arid  mo  {gas 
fOinnwa®  awsCEtaKte  to  dissipate  the  "teat  from  the  reactor  heater.  2Ehe  nickel 
powder  so  bbtained  .was  apZLowetl  to  reduce  two  tours  at  iSoo’^fOCj^F  in  hydrogen^ 
toULowed.iby  scooTing  to  nsobm  temperature  in  a  CCO L  atmosphere.  2Ehe  'nickel  iwas 
then  storedin  (CCri  ’.until  vuse'd  {&££)<• 

Tn  another  preparation  .of  nickel  con  tieselguhr  the  following  procedure 
'was  '.used. 

iA  three  jgm  apiahtity  -:of  rreagent-rgrade  'hitCOOH)^  'was  :a9M  to  200 mO,  tof 
cconcentrated  INH^OH  solution,  bringing  .about  the  dissolution  -of  the  'JJiXoCOOH)^. 
{Since  1Ni(CC00H)2  is  insoluble  in  "but  'very  soluble  in  '.concentrated 
IHHjpH,  it  seemed  'advisable  to  .use  this  naedium  tor  dissolution,  since  it -would 
he  cof  little  difficulty  to  .drive  .off  the  ns  3TEL  :ahd  3yo  cat  -a  later  stage 

nf  the  preparation,  thereby  Heaving  the  .nickel  nncoixaminated,  in  its  'final 
state. 

{Next,  20  ;cc  ((3  igti)  :of  {Multicel  'was  added  to  the  .{NB^OH  —  INiXC00H)p 
solution,  forming  a  thin  pastes  2Ki£s  paste  -was  placed  in  can  coven  nruTheated 
to  20d*?F  to  remove  INH^  .-arid  3JaO  and  finally  .decomposed  sat  50095,  in  air,,  to 
reduce  the  IKi'(CCeOH|,2  "Hbo  metallic  nickel.  fhe  reaction  equation  for  the 
reduction  is  cg'iven: 

iNiC'COOH)^  - - =*•  Utt-H-  {CQ^dgO-a-UO 

{This  procedure  -effects  the  preparation  cbf  approximately  50%  (by -weight) 
nickel  —  50%  IMuitbce'l  ccatalyst  bf  reasonable  purity  'and  surface  area 

C(#9/91})~ 

:d.  '.Nickel  ZP.owder  from  ZNic kel  INitrat e 

^Nickel  nitrate  .was  thermally  decomposed  to  fmrm.nickel  trioxide,  which 
in  turn  .was  reduced  at  {8009F-d0009F  in  a  .hydrogen  ambient.  {The  resultant 
nickel  metal,  however,,  formed  a  compacted  mass  -.unsuitable  for  .use  as  a 
ccatalyst. 

4.3  «-4  {Discussion  co'f  2Eegt  {Results 

-4. 3. 4.1  {Catalyst  Performance  —  f he  best  ccatdlyst  performances  are 
summarized  in  the  table  below  for  the  2-G  and  3-3J  reactors.  {Ranking  is 
based  on  --essentially  .complete  .carbon  .'dioxide  conversion  .({97%“99%)  'at  the 
lowest  reaction  temperature,  .and  at  .equivalent  space  -velocities  'arid  llgriCO^ 
ratios.  {Conversions  below  this  range  .arid  at  temperatures  above  575^*  ' 

-•were  not  included. 
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'Rank 


Bank 

Catalyst 

Neaetor 

$>  Con- 
Version 

Temn. 

°f\ 

Space- 
Fel.  hr  . 

V'CX) 

Katio 

Test 

sRo» 

1 

ruthenium 
metal  powder 

3-0 

-99 

357 

(435) 

310 

(310) 

h.45 

.  53 

(H6, 

H7) 

2 

Osmium  metal 
powdeh 

3-0 

99 

l5o 

620 

1.45 

19 

3 

Jfcitheriium  On 
1/8* 

1*£ 

99 

48o 

4l8 

4.6 

2\ 

\ 

Nickel  metal 
powder 

3-* 

'99 

•500 

310 

4.45 

83 

-5 

Nickel  on 
liultlc'el  pwdr. 

3-S 

'99 

520 

310 

4*45 

91 

6 

Nickel  on  l/S" 
FieSelguhr 

3** 

tM) 

.99. 

(95) 

520 

(532) 

31S 

(330) 

4.45 

55 

(36) 

'7 

-Nickel  on  Kies, 
powder 

3-e 

.97 

(98) 

485 

(537) 

310 

4.45 

111 

(47) 

In  several  Other  tests  W$~$8p  conversion  was  achieved  'at  temperatures 
ranging  between  390^-45893?  hut  at  lower  apSC'e  velocities*  Nickel  On  1/8- 
inch  kieselguhr  provided  $385*  conversion  at  $$&?&  'and  at  36*2  hr"-*:,  but  as 
Shown  above  this  'same  catalyst  required  '5209F  at  310  hr  •„  ■Similarly  -ruthenium 
On  i/8-inCh  AlpO^  'provided  ’98^  ‘conversion  at  ‘VlSu?  hut  at  '67  hr-\ 

'These  performances  are  based  On  essentially  Complete  conversions  at 
the  lowest  temperature  in  the  best  test  lor  'each  category  Of  catalyst  in 
its  most  'active  state.  -For  example,  ruthenium  on  l/S-inCh  AlgO^  pellets 
provided  99/  conversion  'at  4869P  in  test  ■{ j=14-.  in  Siibse'ouent  tests  the  identical 
catalyst  Sample  gave  lower  conversions  with  Other  Conditions  equal  'indicating 
a  slow  decrease  in  the  'catalytic  capacity  Of  this  Sample. 

In  tests  which  provided  less  than  $$ /  conversion  -no  -higher  conversion 
could  he  'achieved  than  the  f  igures  Shown-,  “even  when  the  temperature  was 
increased-.  Also,  In  several  instance's  the  Conversion  decreased.  On  increase 
Of  temperature. 

7 

All  of  the  catalyst's  in  this  summary  table,  with  the  exception  of  two, 
were  either  pure  metal  .powders  or  'commercial  'catalysts  from  industrial 
catalyst  manufacturer's.  The  nickel  metal  .powder  in  test  '#83  was  prepared  in 
the  MRD  laboratories,  as  Was  the  •'nickel  On  kleSeiguhr  powder  -in  test  #$1'. 

Both  laboratory  prepared  catalysts  -required  .Special  preparative  procedures 
'as  discussed  in  Section  4.3-.3»3« 

4. 3. 4.1  .Effects  of  -laboratory  ’Preparations  -  Paring  the  course  of 


37 


the  experimental  program  ruthenium  and  nickel  appeared  1*  give  the  'highest 
conversion  performances.  Consequently  laboratory  preparations  of  potential 
Catalysts  were  concerned  mainly  with  these  two  metals  on  several  different 
supports* 

Satfcenium  vas  prepared  on  3d.eselg>Xhr  powder,  1^8-inck  Alumina  pellets, 
stainless  steel  gauze,  nickel  gauze,  and  as  pure  metal. 

Pure  metal  powder  vas  prepare!  from  a  solution  of  -a  ruthenium  salt, 
primarily  to  determine  -if  there  were  any  differences  in  performance  'between 
the  laboratory  prepaid,  sample  'and  the  commercially  supplied  metal*  Poth 
were  powders  of  very  closely  similar  size,  150-  to  20b -mesh.  'The  prepared 
metal  powder  provided  7l|»  conversion  at  approximately  lOO^F  higher 

than  achieved  with  ccmercially  supplied  metal,  hut  'at  a  space  velocity 
Approximately  -five  times  -'as.  high  (#5§)*~  Euthenium  On  ki'ereiguhr  powder  pro¬ 
vided  $5dP  conversion  St  575^  (#Sb).,  Which  is  Approximately  lOQ*-*?  higher  than 
was  -needed  -for  ctmmercially  supplied  -ruthenium  On  alumina  pellets*  Pone  of 
the  other  ruthenium  preparations  provided  Any  Appreciable  conversion.  In 
general,  the  laboratory  preparation  Of  ruthenium  aid  not  provide  AS  high 
performance  as  the  ctemercial  metal  powder  Or  supported  catalysts. 

hickel  vas  prepared  on  kieselguhr  powder  'and  as  the  pure  metal*  After 
several  different  preparation  techniques  Were  Used,  pure  nickel  metal  powder 
Was  prepared  -from  A  salt  of.  the  metal-.  Phe  prepared  nickel  metal  powder  pro¬ 
vided  $9£  conversion  At  SOb^!,  And  the  nickel  On  kieselguhr  59^  conversion  At 
520°F  (#83,  '$!)'.  Use  of  reagent-grade  materials,  reduction  with  hydrogen,  and 
Storage  -in  s  Carbon  dioxide  Atmosphere  Were  'essential  to  provide  this  pter- 
formancr.  hhese  performances  'are  'considered  Slightly  letter  than  with 
I  ciSEnsrcral  -nickel  catalysts  primarily  because  the  degree  of  conversion  Was 

Slightly  higher  '{&%>  VS  $7^  in  tests  #83,  $>1  vs.  #47,  121)  at  similar  space 
'velocities  And  'temperature  ranges. 

In  summary,  the  effects  of  the  laboratory  preparations  on  CQ^  conversion 
perfomsE'ce  were  As  follows’* 

1.  fh'e  lahoratcry  preparation's  Of  ruthenium,  both  As  metal  powder 
■and  A's  -supports.,  required  Approximately  lbb9F  higher  Operating 
temperatures  for  complete  tJO^  conversion  than  did  Commercially 
supplied  ruthenium. 

’2.  'She  lahoratcry  preparation  of  -nickel  both  As  metal  powder  And  on 
supports  did  not  require  As  high  Operating  temperatures  for 
complete  tJb  conversion  AS  did  commercially  supplied  'catalyst's-. 

3*  For  both  -ruthenium  And  nickel,  the  -lahcratory-prepared  powders 
provided  lower  -reaction  temperature  than  Supported  metals. 

4.  -For  both  metals  on  supports  the  ‘best  'support  material  Was  kieselguhr. 

4. 3*  4. 3  -Experimental  gemperature,  Composition.,  ^Pressure-,  And  Space 
Velocity  -Effects  •-  -The  'effect  -Of  temperature  Upon  the 
-reaction  was  generally  as  expected  from  the  information  collected  during  the 
literature  search,  And  from  the  theoretical  considerations  of  the  Chemical 


38 


equilibrium  relation  ship » . 

"Various.  -references  showed  Inal  the  minimum  temperature  at  'which  Complete 
'COo  reduction  was  .possible  was  3lt)9F  with  ■&  ruthenium  catalyst,  and  that  the 
reaction  was  initiated  at  approximately  '2009F.  In  test  .$.53  with  ruthenium  the 
reaction  beg an  at  &739F  «aad  completed  at  357%>  bearing  out  the  effect  of 
activation  temperature  cn  initiating  and  cenpletlng  the  t&u  reduction  in  the 
Expected  3 00°  to  -4009F  temperature  range. 

fThe  chemical  equilibrium  relationship  indicated  that  essentially  complete 
'COg  conversion  was  possible  up  to  a  given  temperature,  and  that  conversion 
would  decrease  if  all  of  the  reactor  ted  were  above  this  temperature.  'Phis 
was  shoWa  true  in  several  tests  where  increasing  the  reaction  temperature  did 
not  increase  conversion  and  actually  'caused  a  decrease  in  'some  instances.,  with 
attendant  fornatlon  of  00  as  an  Undesirable  and  product.  -This  behavior  Was 
demonstrated  in  tests  37-,  38,  54  and  *39* 

-For  an  yLfCOg  ratio  Of  approximately  the  equilibrium  relation^ 
indicates  the  maximum  temperature  for  $9 £  coapiete  OOgpconversion  is  ‘SlO  F* 

In  accordance^  with  this.,  test  $35  showed  a  drop  -from  '§$)  conversion  at  506^F 

to  Wfi  at  ig85°F* 

Theoretically,  from  equilibrium  Considerations,  it  is  impossible  to 
achieve  •‘essentially  complete  ^(>  conversion  at  teaperatures  above  300  -F 
for  a  -HpfCOo.  ratio  of  !4$i.  'This  was  verified  in  test  $3S  where  '9o£  conversion 
required  5^2%  at  a  F^OOg  ratio  of  ?4v45tl.r  When  the  ratio  was  decreased  to 
h.Oil,  the  conversion  dropped  to  •&$%>  at  537^F»  -Thus  a  10j&  excess  of  hydrogen 
in  the  feed  allowed  'approximately  complete  <£&>  Conversion  with  all  other  Conditions 
remaining  equal.  In  addition.,  the  excess  -of  hydrogen  has  been  reported'  desirable 
to  prevent  the  formation  of  OO  Which  acts  effectively  as  a  transient  inhibitor 
Of  the  'crc2  reduction  process. 

rThe  effect  of  decreased  pressure  On  the  -reaction  Was  shown  theoretically 
to  he  relatively  slight  for  -essentially  Complete  OOg  conversion.  'Tests  with 
ruthenium  netal  powder  indicated  only  a  slight  change  from  y$ff>  to  con¬ 
version  when  the  reaction  pressure  was  changed  from  dJ4-.1T  P's’ia  to  5*0  psia, 
holding  the  temperature  Constant  H8,  3lb);.  'This  Change  is  in  very 

close  agreement  with  the  behavior  predicted  from  chemical  equilibrium  theory. 


'The  effect  of  space  velocity  with  all  other  factors  remaining  'equal  was 
to  decrease  the  fraction  of  00*  conversion  as  the  space  velocity  increased 
($8,  -H,  18,  1$,  &ij)% 


r0n  the  basis  of  the  results  of  the  experimental  testing  program  -ruthenium 
has  developed  as  the  optimum  catalyst.  The  factors  which  determined  the 
optimum  catalyst  were';  '(l)  completness  of  00g  conversion,  t'2)  -minimum  -reaction 
activation  temperature,  \3)  catalyst  configuration  -and  support  material, 
f(4)  reaction  pressure,  ;(5)  space  velocity,  send  %G)  chemical  inertness  and 
■non-toxicity. 
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r4Ehe  primajy  conpar-lson-Of  the  three  -most  efficient  catalyst  materials, 
ruthenium-,  osmium,  'and  -nickel  was  discussed  in  Section  %.3/40l>  f0n  "the 
combined  lasis  of  CGg  conversion,  -reaction  temperature  -'and  spate  Velocity, 
-ruthenium  and  o  smium  metal  powders  could  le  rated  as  approximately  equal, 
loth  Wing  ’Well  above  pure  Or  supported  nickel. 

Ihe  pare  metal  .ponders  in  all  cases  performed  letter  than  'tfhen  supported-, 
however  a  'comparison  of  -ruthenium  and  osmium  On  supports  indicated  supported 
ruthenium  as  far  superior  to  supported  osmium-. 


In  addition,  osmium  metal  is  relatively  easily  Oxidised  to  the  tetroxide 
which  is  an  ektremely  poisonous  gas*  /Although  ruthenium  tetroxide  is  'also 
■'a  -highly  poisonous  gas  it  is  very  difficult  to  form  fr'cm  the  pure  metal. 

In  tests  of  -ruthenium  and  nickel  at  reduced  pressures...  ruthenium  end 
-nickel  loth  performed  approximately  equally  on  the  lasis  of  pressure  variations 
lut  again,  ruthenium  -operated  at  a  lover  -reaction  terperattire  level  than 
nickel.  ^(hu  at  r$2fp  conversion  at  14*7  psia,  r$&f>  at  5  psia-.  iNi  at 

485%V;  -97$  at  14*1?  psia-,  $>3jfe  at  3  psia)-. 

1.4/2  gatalyst  .properties  and  Ipesigh  lata 

'The  pure  ruthenium  metal  powder  -las  a  lulk  density  of  lb/ft^.,  and  the 
particles  -lave  an  average  diameter  between  S/CX32  and  r0,;0Q3  inches..  f9he 
pressure  drop  through  the  particles  With  upward  flow  through  an  'unrestrained 
led  is  approximately  3  inches  ’UMr.  per  inch  of  Wd  length  at  a  linear  velocity 
of  0.33  ft^min-.  for  -restrained  Wd's  ^suchas  would  W  required  for  bero- 
gravity  operation-,  or  lor  downward  flow)  larger  particle  sizes  are  essential. 

In  a  one-man  system  at  a  space  velocity  of  310  tr"\  approximately  two 
pounds  of  the  -ruthenium  powder  tested  Would  !e  required  for  the  reactor  led. 
lased  on  the  thirty-day  duration  test  performed-,  the  yeignts  of  catalyst 
-needed  for  100-.-,  /200-,  'and  300-day  missions  would  be  C/S,,  -13.3  and  SO  lbs, 
-respectively.  'These  -are  maximum  weights  and  could  le  reduced  depending  on 
the  success  of  more  -extensive  dilation  test's,  luring  the  duration  tests., 
the  catalyst  appeared  unaffected  by  the  short  periodic  injection  of  hydrogen 
Sulphide  into  the  feed  gases. 

for  a  'one-man  -reactor  ^designed  approximately  similar  to  the  Ws  reactor) 
weighing  seven  pounds  and  containing  two  pounds  of  catalyst,  the  heating 
-requirement  to  initiate  the  reaction  Would  approximate  350  Btu,  which  is  the 
estimated  heat  -input  to  -raise  the  -reactor  and  catalyst  to  350cf.  The  cool¬ 
ing  rate  -requirement  to  maintain  the  system  at  this  temperature  level  is 
167  btu^hr.,  which  is  the  approximate  value  of  the  heat  of  reaction  for 
one-man  'capacity*  Cooling  would  W  accomplished  both  ly  heat  losses  through 
insulation  and  ly  -circulation  of  a  cooling  fluid  around  the  reactor.,  the 
amount  of  fluid  coolant  -needed  -is  thus  dependent  upon  the  final  reactor  and 
insulation  design. 


SECEK®  5 

oonchjsions  am  3^©wskeeqns 


foonolasi'ons 

r0n  the  tessis  of  the  '-combined  phases  of  the  complete  program  to  ‘determine 
ar  applicable  low  temperature-high  yield  catalyst  Sot  promoting  the  Sabatier 
reaction,  the  following  conclusions  have  teeen  reached. 

q a>  She  optimum  catalyst  was  determined  to  'tee  .pure  ruthenium  -’metal 

powder.,  unsupported,  ■average  partible  diameter  twOOS  to  foJSGQ 
inch,  talk  density  %  IbfStA. 

te.  With  this  'catalyst  the  ■minimum  operating  temperature  for  complete 
single-pass  Six,  ecnverssion  was  3§i7°E-j  et  l-4.Tf  psia  when 
'the  space  veloeity  was  319  da*  $tnd  the  ligiCOg  ratio  was  as 
a  minimum. 

o.  Pretreatment  of  the  ruthenium  metal  powder  'with  *5  normal  nitric 
acid  washings  at  S‘0’0%'  and  air  oxidation  at  r750°P  was  necessary 
to  activate  the  catalyst. 

<d.  Supported  ruthenium,  teoth  oanmerciaHy  supplied  and  laboratory 
prepared,  did  not  provide  as  high  rCDg  conversion  as  did  pure 
ruthenium  metal  -with  all  other  factors  teeing  equal. 

<e,  -Puthenium  metal  -could  pot  tee  oxidised  to  any  of  -its  oxides., 

particularly  to  poisenohs  ruthenium  tetroxide  i(RuDJ);,  then  roasted 
in  pure  oxygen  up  to  BOO^,  demonstrating  a  highly -desirable 
inertness  to  Oxidation-. 

r 

f»  ’'Continuous  operation  ior  a  thir  ty-day  period  with  ruthenium  metal 
powder  caused  no  'changes  in  SO g  -conversion  or  in  the  catalyst 
-material.  "On  this  teasis.,  for  a  one-man  reactor,  a  maximum  of  two 
pounds  of  catalyst  are  adequate  tor  a  thirty-day  mission. 

•g'«  Pure  ruthenium,  nickel  and  osmium  metal  powders  in  all  instances 
provided  higher  Oil,  conversion  than  any  of  their  supported  -forms., 
-either  as  pellets  or  as  powders-. 

1.  'Ruthenium  on  aluminast&2g0_)  showed  a  gradual  loss  of  catalyzing 
‘capacity  with  passage  of  tame,  and  could  not  tee  effectively  re¬ 
activated  tey  nitric  acid  wasting  and  air  roasting. 

i.  Osmium  metal  powder  was  rated  as  the  second  teest  .performing  catalyst 
with  complete  conversion  at  and  a  space  velocity  -of  ‘520  hr  r, 
with  all  other  parameters'  the  same  as  for  ruthenium  metal  in  te. 

■3%  Hickel  metal  powder  -was  rated  as  the  third  teest  perf  orming  -catalyst 
‘with  complete  conversion  at  50'oftF  ’with  all  other  parameters  ’the 
same  as  for  ruthenium  metal  in  te. 
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*k>  All  of  the  platinum  group  metals  promoted  Varying  Agrees  of  030^ 
conversion  either  as  pure  metals  or  -on  'various  supports.,  sfci£h 
the  exception  'of  iridium.  /Neither  pure  powder  mor  alumina  Supported 
iridium  provided  any  'COg  Conversion-. 

1-.  Pure  metal  tungsten  powder,  and  the  -sxia.es  si  eoltimbium,  tantalum, 
and  molybdenum,  in  powcL'er  form,  did  -Pot  promote  'CO^  conversion  Sat 
temperatures  up  "to  ;'65G<^F«. 

-in.  Pure  metal  powders  of  cobalt,-,  c  olumbium,  ^and  molybdenum  provided 
Only  partial  f(i?HS5$)  ;CGg  conversion  sat  &5G9F-. 

n-.  Combinations  -ol  powders  'ol  -1>)  ruthenium  on  Al^O^  and  palladium 

on  and  2)  ruthenium  on  Al^Oo  and  platinum  on  /Al^G,.,  provided 

higher  ‘COg  conversion  than  -any  ox  the  single  materials  alone-. 

o.  operation  at  %  psia  versus  14.17  psia  caused  a  decrease  in  C'Op  con¬ 
version  from  '$$$>  to  $8 %.  'with  the  ruthenium  catalyst-. 

p.  /a  stoichiometric  dL^Co*  ratio  is  -not  adequate  ter  rapid  single-pass 
complete  C'Qp  conversion-,  ik  ratio  ol  approximately  -4v4  appears 
adequate. 

q.  operation  at  temperatures  in  excess  ol  ;SGG^F  -caused  a  decrease  in 
Co_  conversion  at  an  ?R'-:rC0g  ratio  ol  -4-.%  in  accordance  tith 
predictions  based  on  equilibrium  theory. 

-r.  treatment  ol  catalysts  'with  hydrogen  at  3oG°P  to  b0boF  tor  -extended 
time  periods  '(1&  hr  or  ionge^  in  general  is  not  adequate  alone 
to  activate  or  regenerate  ruthenium  or  nickel  catalysts-.  ^Additional 
specific  preparations  and  pretreatments  are  necessary-. 

s-.  'The  1*33  reactor  -vith  ruthenium  on  Al-pGu  pellets  sustained  Onfe^iagn 
-rCGg  conversion  vith  no  electrical  input,  and  required  controlled 
cooling  to  prevent  'excessive  temperature  rise. 

t.  ^Operation  ol  the  8"  -long  x  2"  diameter  One-man  reactor  *(Po.  l-’S) 
demonstrated  that  -large  temp'eratiire  -gradients  existed  in  the  . 
reactor  led,  'with  the  axial  /gradient's  ranging  Irom  100°  to  -25'O^F-, 
and  the  radial  -gradient  Irom  25°  to 

-u-.  'Continuous  inira-Sced  detection  ol  the  inlet  and  outlet  ’CO,,  con¬ 
centration  was  required  lor  accurate  correlation  ol  ‘COg  conversion 
With  reaction  temperature. 

5.2  ^Reeommendations 

/Based  on  the  observations  and  conclusions  drawn  from  the  complete  program 
the  .following  recommendations  are  made  concerning  the  use.-,  operation.,  evalu¬ 
ation  and  -future  testing  of  catalyst  -materials  and  a  full-size  reactor  Tor 
the  Sabatier  -reaction. 

a-.  The  full-size  one-man  reactor  should  be  designed  to  minimize  the 
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temperature  gradient  'within  the  catalyst  bed  and  operate  as  nearly 
isothermslly  as  possible,  by  rising  devices  ouch  as  test  transfer 
fins,  or  special  reactor  shapes  to  aid  in  rapid  removal.  of  the  heat 
of  r^cti'on* 

'v 

iSStonger  duration  test  should  he  made  'with  the  -optimum  catalyst, 
ana  Hie  -effects  of  poisoning  Should  he  further  explored* 

iJhen  the^Optimum  -Catalyst,  ruthenium  metal  powder,  is  to  he  used 
in  a  rerotgr-^vity  environment,  it  should  he  used  in  the  form  of 
particles  larger  than  0.001  to  Q.0Q3",inch  in  diameter..,  to  eliminate 
the  high  pressure  -drop  'which  '-would  result  from  packing  of  the 
smaller  sized  particle's. 

jPure  ruthenium  -metal  powder  should  he  tested  in  larger  'grain  sizes 
to  determine  the  relation  between  tJOp  conversion  end  pressure  drop 
for  varied  particle  diameters. 

--Mdltional  controlled  tests  -with  ruthenium  metal  powder  should  he 
run  st  varied  space  velocities  since  this  -information  is  of  impor¬ 
tance  in  trade-off  studies  for  the  design  of  s  full-size  reactor* 

fixtures  of  pure  ruthenium  metal  powder,  with  other  metals  such  as 
platinum,  palladium,  snd  rhodium  should  he  tested  ss  potential 
improved  catalysts  to  determine  if  the  mixtures  of  metals  demonstrate 
the  synergistic  effects  noted  with  powdered  mixtures  of  these  metals 
On  alumina  supports. 

Similarly  metal  powders  of  alloys  of  ruthenium  and  other  members 
-Of  the  platinum  group  should  he  tested  as  potential  improved 
catalysts. 

-Although  osmium  has  the  pot  entiality  of  Creating  a  poisonous 
by-product  if  it  1s  inadveritently  oxidized,  its  catalyzing 
capabilities  should  he  farther  investigated. 

The  reactor  bed  should  run  isothernsally  and  not  he  cooled  by  the 
inlet  gases,  heat  of  reaction  should  he  removed  externally,  -not 
by  the  reaction  gases.  The  inlet  gas  to  outlet  gas  heat  exchanger 
in  a  full-size  reactor  should  he  separate  from  the  reactor  catalyst 
he 
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Tesy,  saarured  at  six  point*. 

Toy/  Kid/  Bot.  »t  tall  ad  caster. 
Highest  tray.  occur*  at  tcy- 
Cester/  Use  tile  ayyeara  to  be 
tb*  etetroUlae  tray*  r»  turn, 

Tber*  1*  a  500V  eertlcel  pv 
dlert.  So  coding  *lr;  udasu- 
leted. 


Tbe  sex.  trap.  l*  initially  at 
aid-center,  for  59#  coot.,  but 
bot»*  cy  to  toy-c«ster  end  resale*. 
Gradient*  u  before.  Bo 
air;  uninsulated. 

Ueed  cooling  air  for  first  tl»». 
**“•  tray,  yolrt  norsd  fros  aid. 
eester  to  toy  caster  u  before. 
Coding  create*  shat?  tea?, 
changes,  mttng  eootrol  difficult. 

•45H**  teoyerotur*  controller  to 
eootrol  heater.  Gsed  ccdlr^  air 
to  cycle  reaction  and  iecy  teay. 
a*  lev  a*  yoatlble.  Control  la 
difficult,  Qfdlng  create*  15' 
to  BOOV  tray,  fluctuation*. 
Conversion  eyproxisete  4l$  at 

‘Ayr. 

Controller  do*  turn*  eff  beater 
cod  tuna  CO  coding  air  slaul- 
taneouely  at  a  siren  control 
temperature.  Reactor  rcc  Insu¬ 
lated  *lth  a  1/2*  layer  of  asbestoa 
around  body  only;  end*  *»U1  un- 
Inaulated,  Control  at  a  sligle 
lerei  la  atlli  difficult. 

Simltafieaus  control  of  beat  and 
air  creates  100-200*  tesyerature 
qrcllog.  Reactor  temperature 
yrcfUe  continually  shifts,  «aMr« 
relation  of  cccverstco  to  team, 
difficult,  Vert  led  gradient  it 
200*  to  250*2,  radial  gradient 
it  150*  to  25V. 

Vlth  no  coding,  reactor  roac  to 
a:  toy  center;  with  nv-fi 
cooling  conversion  dropped  off 
to  94*  at  535*2.  (toy-center). 

Tlcv  reduced  50jl.  A  4- Inch  layer 
of  fiberglass  vat  added  around 
reactor,  Wth  no  coollrg  reaction 
raa  nearly  self-sustalnii*  at  ' 

417*2/  but  cooled  to  391*  wbtro 
00 dropjwd  to  <&,.  A  0-0,2* 
carbon  noncolde  LSI  was  odded 
to  rod  tori  ng  syatea  In  outlet 
gas  line. 


*t  3/4-acn  flow  reaction  sua- 
tained  itself  down  to  475*2  but 
began  to  fell  off  at  44o*2, 
Reactor  wae  air-cooled  after 
reaction  achlcyed  99*  conversion, 

Reaction  In  aelf-ojetainir^  for 
1-an  flow  down  to  640*2,  but 
fell  off  to  93*  at  600*2  when 
coded  by  air. 


a. 

b. 


Syace  Velocity  -  Total  (C0£  +  Hg)  Yduae  flow  rate 
Stay  Tlae  *  3&»/syice  vel. 


at  70*2,  1  atsu/catalyst  bed 


rolune. 


c.  Oil  casyosltlon  aeasured  by  Beckaan  00-2  Oae  Chromatograph 

d.  Css  composition  WMured  with  LIRA  Infrared  CQg  analyser,  0-4*  C0g 


,1' 

* 
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E atari* 


Teat 

So. 

Eeaetor 

So, 

****  °&2? 

V«2 

5«g 

COOT, 

Catalyst 
T®p.  *7 

eJ*c*k  .1 
y«l.  hr  * 

Stay  Sim*^ 
See, 

$22} 

1*8 

6 1  on 

1/8'  A1 

*70 

4.6° 

S84 

723 

(top- cost) 

470 

7.6 

plus 

inert  met- 
*1  pellet* 

£20 

4,6* 

994 

590 

(top- cent) 

220 

l€,5 

lb 

(5/27) 

1*8 

Eu  us 

1/6'  A1 

470 

4.6* 

994 

690 

*70 

7,6 

15 

1-S 

Eu  on 

220 

4.6° 

994 

500 

220 

16.5 

(5/28) 

1/8’  Al 

16 

1-8 

Ir  co 

220 

4.6s 

o4 

700 

220 

16.5 

(5/29) 

1/8’  Al 

17 

1-S 

Ir  on 

HT 

4,6* 

o4 

700 

117 

50,8 

(6/1) 

1/8*  Al 

18 

1-8 

2S  <e 

117 

4.6* 

994 

585 

117 

30.8 

(6/2) 

1/6’  Al 

220 

4,6 

99 

667 

220 

16,5 

380 

4.6 

99 

740 

380 

9-5 

470 

4,6 

99 

>750 

470 

7.6 

M 

1-S 

K  03 

117 

4.6* 

994 

410 

117 

30.8 

(V3) 

1/6°  13**. 

220 

4,6 

99 

530 

220 

16,5 

380 

4.6 

99 

640 

380 

9.5 

470 

4.6 

S9 

675 

470 

7.6 

20 

1-8 

Rl  OE 

117 

4.6* 

96s 

535 

117 

30.8 

(6/4) 

1/8’  Al 

21 

1-0 

Eu  on 

117 

4,6* 

99* 

525 

117 

30.8 

(6/5) 

1/8’  Al 

22 

2-0 

Eu  on 

117 

4.6* 

C4 

to 

755 

4.7 

(6/15) 

Alido* 
Povder 
(i*>  ga 

700 

52  cc) 

23 

2-0 

fiu  on 

U7 

4,6« 

04 

CO 

755 

4.7 

(6/16) 

Alisdna 
Povdcr 
(52  cc) 

7 00 

24 

2-0 

Eu  on 

117 

4.6* 

994 

480 

418 

8.6 

(6/18) 

1/8' Al 
(94  oo) 

220 

4.6* 

994 

665 

785 

4,6 

380 

4.6* 

994 

723 

1360 

2.6 

25 

2-0 

Eu  on 

9 

4.6* 

to 

32 

113 

(b/19) 

1/8’  Al 
(94  cc) 

500 

26 

2-0 

Hu  00 

9 

4,5* 

To 

32 

U3 

(6/24) 

1/8"  Al 
(94  ec) 

360 

27 

2-0 

Eu  00 

10 

4.4* 

99* 

340 

35 

106 

(6/25) 

1/8"  Al 
(94  cc) 

85(1) 

4io 

».  Out  ccepoJltlon  neasured  by  LIKA  infrared  analyser,  0-3 oi  COj 


toy  2-1/2"  of  reactor  contain* 
catalyst.  Lover  5*1/2’  00* 
filled  vita  alusdnua  crtal  V®’ 
pellet*.  Be  tcs-ecster  ialet 
tesy.  ns  75*100  higher  then 
vfcec  reactor  le  filled  vitb 
catalyst. 

Bit  test  shoved  the  toy. 
required  for  *elf-*uriais*d  re¬ 
action  rucaiat  at  690',  <sr  50*2 
higher  previously  noted  in 
ns  So.  12.  Catalyst  vu  left 
open  for  four  Osya  prior  to  uss. 

Catalyst  m  reduced  oversight 
at  300*2.  Enaction  i»  not  gults 
aelf-sustaiciog.  .'usversioa 
falla  off  at  500=7, 

So  appreciable  ccoreif"^?*  of  0C^ 
vu  found  vitb  Xridiua  catalyst. 
Iridium  w  out-guacd  under 
vacuus  «t  700*7, 

So  »jyr*ci*ble  conysrsiee  of  0CU 
cres  at  i/4- mas  capacity  vitb 
Iridlua.  Zridiua  ns*  reduced 
over- sight  at  350= »  -dth  Jydrjgsa. 

KSxdlua  reduced  orer-night  »t 
300*7  vitb  Eg. 


Xickel-Iieaelguhr  reduced  crrsr- 
dgSt  ct  350 "T  vitb  &.. 


test  of  Rutbsoius  capacity  at 
l/4-man  CQp  flcv,  Catalyst  w< 
not  reduced. 

Catalyst  reduced  crer-cigbt  at 
300*7  in  3U.  Slightly  higher 
cecrerslon  resells-  *t  approxi¬ 
mately  ease  temperature, 

7ir*t  te*t*  vitb  2-C  reactor,  to 
test  povder  catedy*t*  and  *naller 
amount*  of  pellet*.  So  conver¬ 
sion,  Cetely*t  va*  pre-reduced 
vitb  Eg»t  roco  tesy.  for  3  beur* 
to  rea Ore  absorbed  0g. 

Catalyst  va*  reduced  for  16  hr* 
at  300*7  vitb  Eg.  Lack  of  con- 
vezeloo  va*  not  anticipated. 

96  grans  of  Eu  on  Alusina  pell*t» 
va*  tested  for  casperison  vitb 
1-8  reactor,  *incc  mealier  tevy. 
gradient*  vould  be  expected. 
Vertical  gradient  150-200*7, 
radial  10-30*7, 

At  these  lor  CO,  and  total  flew 
rate*  temperature*  could  not  be 
readily  related  to  gas  composi¬ 
tion  . 

Absorption  and  desorption  of 
CCL  frae  catalyst  *urf*ce  cau**d 
fluctuation*  in  gas  composition 
vben  temperature  level  vaa 
changed  preventing  correlation 
of  temperature  and  conversion. 

Outlet  and  Initial  inlet  coo- 
position  measured  vitb  0-355 
COg  LIRA  infrared  analyser.  Tem¬ 
perature  tnd  outlet  composition 
equilibria  are  required  to  relate 
accurately  CC^  conversion  vitb 
temperature. 
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5*st 

S3. 

Reactor 

So. 

Cctalyst 

CO-  Teed 
cc/dn 

#  CO- 

COST. 

Catalyst 
Te^.  *2 

Space* 

Tel.  hr*1 

Stay  Jiaeb 
Soc. 

28 

(6/26) 

2-0 

Its  00 
1/8*  A1 
(94  ce) 

19 

4.4* 

96* 

407 

67 

54 

(6^2?) 

2-0 

Ru  on 

1/8*  A1 

19 

4.4* 

31* 

330 

67 

54 

(94  cc) 

20 

250 

13 

200 

30 

(6/30) 

2-0 

Ru  00 

1/8*  A1 
(94  cc) 

19 

4.4* 

0 

98* 

175 

4X2 

67 

54 

31 

(7/1) 

2 -G 

Ru  ca 

1/8-  A1 
(cL 

38 

(204) 

4.45* 

95* 

470 

132 

27 

32 

(7/2) 

2-0 

Si  m3 
Xie*., 

19 

4.45* 

92* 

66 

5* 

1/8* 

(94  cc) 

33 

(7/6) 

2-0 

El  and 
Kies., 

19 

4.45* 

96* 

*00 

66 

5* 

- 

1/8” 

(94  cc) 

34 

(7/7) 

2-0 

Si  and 
Kies., 
1/8* 

19 

(101) 

4.45* 

95* 

400 

66 

54 

(94  cc) 

(7/9) 

2-0 

la  and 
Ides., 

38 

4.45* 

71* 

340 

132 

27 

1/8” 

98 

390 

(94  cc) 

96 

500 

85 

635 

36 

(7/10) 

2-0 

Si  and 
Kies,, 

95 

4.4/ 

34* 

365 

330 

109 

1/8" 

67 

430 

(94  ccj 

91 

475 

96 

532 

4.0 

80 

537 

,37 

(7/13) 

2-0 

Ru  ce 

1/8”  A1 

95 

4.45f 

63* 

502 

330 

109 

(94  cc) 

84 

540 

84 

595 

38 

(7/X4) 

2-0 

Ru  on 

1/8"  A1 
(94  cc) 

95 

4.45* 

79* 

87 

87 

538 

557 

575 

330 

109 

84 

622 

39 

(7/15) 

84 

702 

2-0 

Hi  on 

1/8"  A1 
(94  cc) 

19 

4.45f 

0* 

to 

600 

66 

54 

to 

(7/18) 

2-G  Si  on 

1/8"  Al 

19 

4.45f  0* 

380 

66 

54 

(94  cc) 

30 

553 

38 

643 

t.  Oa*  composition  ocasured  vith  0-26#  C0g  LIRA. 


Ktiirb 


Sljber  flov  nut  joisdt  sore 
njdd  Beasureaest  of  outlet  nl 
composition, 

ferlflcsticn  of  lever  taapereture- 
eonverslcc  relation. 


Check  co  run  So.  28 


At  this  CQj  flov  rite  97J  con¬ 
version  occur  1  el  it  Jt70’>,  rela¬ 
tively  a  connect  trap.  througfc- 
cut  catalyat  bed.  Ccraremco 
«*««!  *t  205*2.  Cocrerelcc 
profile  vxs  verified  by  axrttcr- 
iC6  tbe  outlet  gee  flov  retei 
C0£  conversion  lerel  ns  ailcvcd 
to  stabilise  for  each  leap.  *  -~s 
flcv  neasurtacac 

Heritav  So.  SI-OKA,  58#  Si  oa 
Kiesdgahr.  Catalyst  ns  not 
reduced  during  constantly  charg- 
log  conversion. 

Cetelyn  ni  reduced  f  or  60  fare 
with  Ej  et  300*2.  Higher  coever- 
eioo  echiered  «t  lover  terp., 
but  results  cot  deer  due  to 

_ .»  e -  ..  _ 

**  tbe  catalyst  Itcelf  yltb  tesro, 
change. 

Repeet  S  clarification  of  Rsn 
So-  33-  Reaction  r tested  et  lTO’y 
ihsl^c:  coarerelos  vee  95#  et 
400*2.  7  ' 

Increased  the  CO-  flov  rate. 

Inlet  end  outlet  CO-  concent retien 
n»  continually  codtored  by  seea- 
rete  LIRA  COj  analysers.  Cheeked 
errcct  of^lncreaeed  reactor  teep. 
Above  500  2  conversion  appears  to 
decrease  at  this  flov  and  space 
velocity . 

Increased  flow  requires  higher 
teep.  for  conversion  in  compari¬ 
son  vith  previous  run.  Change  in 
SpiCQg  ratio  to  4.0 -decreased 
convefsion  to  80#  at  537*2. 


Ru  00  1/8”  A1  sbovs  s  higher  trap 
required.  Jfesc.  CO.  conrfWa?' 

55.^?  W.  additional 

>5  ”  to  595  /  did  Dot  locre*Jc 
convertion. 

Repeat  of  So.  37,  but  raising 
tesp.  to  703*2.  Still  did  not 
^“fsese  conversion,  but  coar. 
Jithw1  deC”4,C  significantly 

Catalyst  is  Hsrshev  Bo.  Sl-0707, 

14#  Slckel  oxide  on  Alumina.  Rid 
not  font  any  C0-,  but  did  prwote 
forsation  of  0.15#  CO  at  550*2  as 
Deasured  on  0.0  to  0.2#  CO  LIRA 
Infrared  detector. 

Redpcei  Bl-0707  for  16  hrs  at  650*2 
vith  Sj.  Scot  00-  conversion 
achieved  as  shorn.  CO  begeu  to 

rt^S-V100-500' T‘  “4  ™cboi  o-M 
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ftu  CD 

Aluslce 

Powder 

(3-4  *3 
5  ce} 

*u  Jfctel 
(1.6  cc) 

Jti  Xit*l 
(2.0  ec) 


CO,  7ssd 
ae/cdn 

#«L 

COST. 

Cetalyst 
tflj.  *7 

Specs 
7*1.  h 

19 

klf1 

0* 

325 

66 

8 

378 

63 

423 

19 

4.45* 

* 

0* 

J20 

66 

44 

3SS 

75 

510 

63 

677 

19 

4.45* 

* 

cr 

291 

66 

46 

363 

30 

348 

51 

92 

IS 

97 

458 

19 

4.45* 

> 

32 

38*; 

66 

Co 

48 

r3 

75 

490 

77 

557 

9.5 

4.45* 

0f 

400 

£20 

9-5 

4.45* 

Cf 

400 

1940 

9-5 

4.45 

0 

400 

1550 

3.6 

4.45 

0 

475 

590 

Esrthev  cttelyst  *o.  Co-9108,  33# 
eohslt  os  Jdaselgubr,  supplied  «j 
activated,  reduced  end  stabilised 
mu  used  without  pretrestsost  with 

V 

The  catalyst  vu  reduced  with  S, 
for  60  hours  250*2.  0.04#  06 
vu  noted  *t  510*7 

ftrtberrita  pellets  n»  reduced  Id 
E,  »t  300*7  for  170  hour*  parlor 
to  uu  }n  reactor.  Cocrartlcc 
vu  sot  os  high  at  coeparabl*  taa- 
peratures  49  Is  earlier  tsrts 
which  rap  *t  even  hlghsr  space 
velocities. 

Reduced  cstalyst  crwrnlte  with  E, 
4t  300*7.  Kljeat  of  previous  rui. 
Cocrsrsloa  cu  evsn  lows?  thin  Id 
Ra>  *3-  Activity  of  csttlyst 
eppeirs  to  hs  decreasing. 

fticheniua  oo  alualna  powder  (sew 
asatpl*  used  in  test  Ko.  22  A  23) 
vu  reduced  for  120  hours  with  )L 
4t  300*7.  lilt  perforate  in  >0* 
reset or 

Rrtbenlua  petal  powder  (150-200 
netb)  wen  tested  ju  .supplied  ftt* 
(46-1)  D.7.  Ooldeedth  Co.,  sal 
(46-2)  fcglehard  Ind.  So  active* 
tleo  wji  perfor=ed. 

2ellete  of  Bsrs'oaw  21-C1<^)’  Sichei 
ec  Xiotjlguhr  wire  ground  to  pew* 
der,  approx.  150  nesh  sol  reduced 
for  16  hours  with  F  4*  300*7. 


Ki  Metal 
Powder 
(10  cc) 


7resh  rutbsnlun  povder  free  Ergle- 
lard  iDd.  (150-200  oath)  ;ru  re¬ 
duced  for  16  hours  vl;h  a,  4t 
325*7.  ^ 


Od  Xitel 
Powder 
(5  ce, 

10  ca) 


50 

(7/30) 

3-0 

Hh  Mitel 
Powder 
(2.1  ae, 

10  gs) 

9.5 

4.43 

0 

900 

1480 

2.4 

(7/31) 

3-0 

Ru  os 

1/8" 

dee. 

(10  oa) 

9.5 

4.45 

0 

86 

325 

Ct? 

500 

305 

310 

5.0 

7rtsh  oedua  povder  free  Inglebe rd 
Ind.  (150-200  aesh)  reduced  for 
1»  hours  with  a,  et  325*7.  This 
C4t4ly»-;  vu  flSst  to  ebow  totel 
conversion,  >9#  In  sty  tests  to 
date.  Conversion  tesj.  for  tbs 
high  space  voloolty  end  low  stsy 
tlae  shewn. 

Trssh  rbodiua  powder  frees  Cagle* 
hhrd  Ind.  (150.200  wslij  reduoel 
for  16  boors  with  tt  3?5*7. 

ftrthsnlua  vu  prepared  on  klesel* 
guhr  powder  (0,5  £a  of  fti  on  13  gs 
of  Uesalguhr)  end  foiaed  Into 
1/6"  dli.  x  1/8"  loo*  pellet*. 

The  pellets  were  refused  for  16 
hours  with  Ej  st  300*7. 


g.  Ou  ossyositle®  oeuured  with  0.40#  CC^  LIRA 


Seat 

So. 

Reactor  .  , 

So. 

Oft,  Peed  _ 
cc/nln 

*«2 

COOT. 

Catalyst 
Ttsp.  ’? 

Space* 

Vel.  Er  1 

Stay  Tlae 
See. 

52 

(^3) 

3*o 

Ru  as 

W«« 

-Paclar 
(10  cc) 

9-5 

4.45 

0 

30 

488 

562 

620 

5.6 

53 

(0/4) 

3-0 

Ru  Metal 
Perrier 
(10  ee) 

9.5 

-4.45 

0 

17 

"?1 

273 

296 

328 

310 

5.0 

68.5 

334 

94 

343 

99 

343 

100 

357 

54 

(0/5) 

3-0 

Ru  total 
(10  cc) 

10.0 

4.0 

0 

23 

300 

310 

5.0 

95 

§5 

95 

515 

55 

(8/6) 

3-0 

SI  total 
(10  ce) 

9-5 

4.45 

0 

0 

525 

595 

310 

5.0 

56 

(0/6) 

3-0 

Ru  total 
(2  co) 

9.5 

4.45 

61 

71 

440 

475 

1550 

1.2 

57 

(0/7) 

3-0 

Ru  on 

1/8" 

9.5 

4,45 

0 

17 

73 

0? 

415 

455 

510 

550 

310 

5.0 

94 

570 

50 

(0/10) 

99 

600 

3-0 

Hi  total 
(10  cc) 

9.5 

4.45 

0 

575 

310  - 

5.0 

59 

(6/10) 

3-0 

Pure  1/8" 
Kiel. 

9.5 

4.45 

0 

600 

310 

5.0 

60 

(0/11) 

Pallets 
(10  ec) 

3-0 

Su  on 

Idea. 
Fcwder 
(10  cc) 

9.5 

4.45 

0 

46 

64 

92 

360 

425 

440 

520 

310 

5.0 

61 

(6/12) 

3-0 

95 

575 

Hi  cn 

Kiel. 

Powder 
(10  ce) 

9.5 

4.45 

0 

45 

70 

390 

450 

590 

310 

5.0 

62  3-o 

(0/13) 


Ri  on 
PcSdJr 

(10  ec) 


9.5  4.UJ 


0 

6o 

90 


375 
495 
Sio 
6  so 


(0?14) 

3-0 

Co  on 
Kiel. 
Povder 
(10  cc) 

9-5 

4.45' 

0 

50 

05 

£ 

610 

64 

(0/17) 

3-0 

Ru  on 
Carbon 
Powder 
(0  cc) 

9.5 

4.45 

0 

505  *y 

65 

(0/17) 

3-0 

HI  on 

1/6" 

Klee. 

(10  cc) 

9.5 

4.45 

0 

23 

55 

78 

300 

350 

375 

390 

310 


3io 


310 


5.0 


5.0 


4.6 


5.0 


95 

99.5 


4oo 

475 

520 


Renark* 

50^  Rctherslia  natal-  m 
nisei  with  kiesalguhr,  both  200 
sethj  to  fens  a  toosgeneou*  olx- 
tuie.  Kleaelgsshr  It  OCO  Hsltieell, 
frca-the  loss*  Co..  Chleigo,  XU. 
Catalyat  «u  pro-reduced  vlth  E, 

»t  300’?  for  2  hra.  * 

ruthenlun  ii  the  use  la 

Ba  So.  .46.  It  m  trotted  .vlth 
Soiling  S3  ■  230  for  lO-ds.. 
esi  then  roaatedrin  air  at  £50*? 
for  2  hra. 


Base  catalyat  aa  fca  se. 

>-4.0;  react' 


ratio  vat  lowered  to  roactioi 
teap.  :for  S5>  ccoreraloa  incroiaed 
to  425  T *  Higher  than  95J*  vci  net 
aehleTed.up  to  515 *p. 

Hlekel  powder  .vaa  prepared  frm 
Blclcal  foraite  and  reduced  for  16 
hcura  vlth  E-  at  350*r.  Curing 
run  toot  CO,  up  to  0.025!,  vaa 
noted  abore  JCO’P. 

Rrtheniun  vaa  prepared  by  reduc- 
tloo  of  Ruth  .vlth  a,  at  300’? -for 
1°  bra.  Ho-troatsont  vlth  sjn,  or 
rouatite  In  air.  3 

Ruthenlun  oa  alusjne  vaa  treated 
vlth  boiling  55  •  H2J0-  for  10  Bin. 
and  roaated  In  air  nt  66o’p  for 

2  hr*.  Reduction  .vlth  a,  at  325’p 

•for  16  hcura  followed. 

Sane  catalyat  frees  run  So.  55, 
but -reduced  -for  60  hra  at  foo- 
650’?  vlth  E2. 

Pure  1/6'  dlan  x  .1/8"  lozg  Kit*. 
elguhr  pellet  a  veto  .nun  aa  a 
blank -to  teat  catalytic  proper- 
tie*  of  aupport  aate riel. 

Ruthenlun. -vaa  dopoalted  c«s  kj»- 
rolguhr  pcrdar,  .43^  Hu,  5# 

Kiel,,  anl  reducod  for  .16  hr* 
at  350*r  vlth  IU,  prior  to 
teatlng.  * 

Hlckel  frees  nickel  carbonate  vaa 
dopoalted  on  Kleaelguhr  powder, 

655  51,  355  Xlcc.,  and  reduced 
for  16  hra.  at  375*?  with  IL, 

Prior  to  teatlng.  * 

55  Ruthenlun  on  AU0,  powder 
(150-200  oeah)  frefl  Biglehard 

Ini.,  **a -treated  .with  boiling 

5S-  ER),  for  lO.Blnute*  am 
roaated  at  650’p  for  2  hra  In 
air,  and  then  In  E,  at  325’p  for 
16  hour*.  ‘ 

Cobalt  on  Kleaelguhr,  Type  Co- 
C106  Harahav  Chen.  Co.,  In- povder 
tom  vai  prepared  by  cruahlng 
cooaerolally  aupplled  pellet*. 

Powder  vaa  reduced  for  16  hr*  at 
300  ?  ln:^  prior  to  teatlig, 

55  Ruthenlua  on  carbon  povder 
(150-200 .aeah)  frees  Engletord  Ind. 
vaa  treated  with  boiling  55-  KS0, 
am  roaated  In  air  for  2  hr*  at  3 
650  P,  and  than  reduced  for  60  hr* 
at  275 *P  with  Bj. 

505  Sickel  on  1/8"  Klcaelguhr  pal- 
leta,  Earahav  So.  Si-0104  were 
reduced  vlth  H_  at  550W  for  two 
hra.  prior  to  teatli*. 
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T**t 

Hr. 

^Catalyrt^ 

1CCL 

COOT. 

Catalyst 
2 *=?.  *7 

Space4  , 
Vel.  Er  1 

Stay  Tine 
Sec. 

66 

(6/16) 

3-0 

H(?-325) 

1/8"x3/16* 

9.5 

4.45 

0 

47 

& 

310 

5.6 

(018) 

•Kan. 

(10  ec) 

95 

97.5 

565 

585 

3-0 

fh  Metal 
Fovi*-.' 

(10  co) 

9-5 

4.45 

0 

580 

310 

5.6 

(8/19) 

3-0 

Ir  co  1/8* 

9.5 

4.45 

0 

570 

310 

5.8 

69 

(8/19) 

3-0 

*1(2-325) 
1/8*x3/1 6" 

9.5 

4.45 

97 

465 

310 

5.8 

VUz. 

(10  cc) 

(8/20) 

3-0 

®(2-325) 
(10  cc) 

9-5 

4.45 

35 

82 

355 

400 

310 

5.8 

96 

510 

97.5 

83 

% 

(021) 

3-0 

Eh  on 

A 

9.5 

4.45 

0 

90 

450 

650 

310 

5.6 

(10  cc) 

72 

(8/21) 

3-0 

:Ir  on 
.1/8”  11 

9.5 

4.45 

0 

600 

310 

5.8 

(10  cc) 

mv 

3-0 

Cb  total 
Feeder 
(10  co) 

9.5 

4.45 

0 

635 

310 

5.8 

74 

3-0 

Ir  total 

9.5 

4.45 

0 

550 

310 

5.8 

(8/24) 

Povder 
(10  oc) 

(025) 

3-0 

HI  total 
Pcwdor 

9.5 

4.45 

0 

0 

350 

500 

310 

5.8 

(lO  co) 

47 

555 

62 

625 

87 

680 

76 

(8/26) 

3-0 

HI  total 
Pcwder 
(10  «o) 

9.5 

4.45 

0 

50 

71 

475 

635 

700 

310 

5.8 

(027) 

3-0 

HI  total 
Povder 

9.5 

4.45 

0 

50 

81 

380 

560 

670 

310 

5.8 

(027) 

3-0 

Pd  on  1/6” 

S& 

(10  oc) 

9.5 

4.45 

0 

40 

375 

590 

310 

5.8 

(028) 

3-0 

Co(0.6l) 

l/6”x3/l6" 

Kle*. 

(10  cc) 

9.5 

4.45  - 

0 

43 

79 

81 

87 

97 

300 

s 

450 

475 

67; 

310 

5.8 

60 

(8/31) 

3-0 

CbgO. 
Pwdlr 
(7  oc) 

9.5 

4.45 

0 

650 

450 

9.8 

lu suit 


Olrdlcr  Co.  T-326  reduced  trrf 
stabilised  Slcksl  on  *peet*l 
support.’.Bo  pretreatoent. 


K»dlua  natal  pewder  (150*200 
OMh)  a*  supplied -fan  Zkglehard, 
va*  reduced  vlth  *  at  325*7  for 
16  hr*  yrior  to  tattle. 

Irtdlus  Brtsi  pcvd»r  (150.200 
»»6>  as  replied  tnr.  fisglehard, 
nf  reduced  vlth  &,  »t  325*7  for 
16  hr*  prior  to  tolting.  Up  to 
O.ff  CO  va*  noted  at  570*7. 
Qirdler  Catalyst  Dept,  of  Chess- 
tron  Corp./  Tjrye  5-325  reduced 
and  stabilised  nlckfl  eslne.  50 
pretreataect.  Tesperature  «hc*n 
«■  under  esulllbrlua  condltincj, 
vith-texperavure  ecd  composition 
unchanged  for  orer  l/2  hr. 

Sane  catalyst  u*ed  In  Kua  Bo.  69 
hut  reduced  for  16  hr*  *t  325*7 
»lth  Ej 


Sf  Khodlua  on  Aludm  powder  (150- 
200  cash),  toglehard,  vis  reduced 
for  It  hr*  vlth  ^  at  375*7. 


0.5$  Irldlua  on  1/8’’  Alvedca  pcl- 
lot*  v*s -treated -for  lo.sdnute* 
vlth  boiling  5H  •  ES0,  ul  resisted 
in.alr  at-6oo*7  for  2  hr*,  and 
then  reduced  with  tt,  at  350*7  for 
16  hour*. 


supplied  by  Taneteel  Corp.,  ve* 
reduced  for  60  fare. .vlth  R>  at 
3257.  800c  CO  va*  noted,  C.Sf, 
during  -tubing  at  635*7. 

Xrldiun  astal  povder  (150-200 
ne*h)  va* -reduced  at  325*7  with 
Eg  for  3  heure. 


Hlckol-notal  powder  (approx. 

200  noth)  va*  prepared  from 
technical  grade  nickel  f ornate, 
and  after  preparation  kopt  in .a 
CO,  ataoiphore  to  prevent  nickel 
oxide  formation.  Catalyot  va* 
not  £U  reduo ed  lsraedlately  before 
uie. 


Sane  *anple  a*  In -teat  no.  75, 
but  reduced  before  ute  for  16  hr* 
at  600*7 .vlth  Sg 

El ckol -natal  povder  (spproc.  200 
ae»h)  va*  prepared  fron  nickel 
oxide  by  reduction  vlth  a,  for 
16  hour*  at  6 00*7.  ‘ 

0. 5j»  Palladiun  on  1/8”  alumina 
pellet*  va*  reduced  for  tvo  hr* 
at  500*7  vlth  Hg 


Olrdler  O.talyat  Ho.  0-6l,  Cohalt 
on  Xle»tlguhr,  va*  reduced  for 
16  hr*  vlth  Hg  at  325'F. 


Coludiblua  pent  oxide  va*  prepared 
by  oxidation.1  Of  Coluahlun  octal 
vlth  oxygon  at  800*7.  Ho  pre- 
treataent  with  hydrogen.  l)p  to 
15f  carbon  nonoxide  formed  at 
600-650*7,  Pentoxlde  chanced  In 
color  fron  vhite  to  grey,  pooei- 
bly  a  different  oxide  of  colun- 
hlua. 
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Test 

So. 

^  Catalyst 

Catalyst 
Tesp.  *7 

Space6  . 
Vd.  Hr  1 

Stty  -Has 
Sec. 

81 

(9/1) 

3 *0  0,5*  Os  9.15 

4.45  0 

n 

400 

645 

310 

5.8 

ii^ts 

78 

660 

(10  ce) 

82 

(9/4) 

3-0  Ts-C.  9,15 

pevder 
(10  cc) 

4.4?  0 

6co 

310 

5.8 

83 

(9/8) 

3-0  Hi  powder  915 
(10  cc) 

4.45  0 

0 

375 

405 

310 

5.5 

2b 

430 

52 

455 

92 

475 

84 

(9/9) 

3-0  W  pewder  0,15 
(10  ce)  ' 

99 

dw 

4.45  c 

650 

310 

5.8 

85 

(9/9) 

3-0  Ha  pevder  9,15 
(10  c«) 

4.45  0 

12 

300 

630 

310 

5.8 

66 

(9/10) 

3-0  Co  pevder  9.15 
(10  ce) 

4.45  0 

65 

4«5 

850 

310 

5.8 

87 

(9/11) 

3-0  Cb  powder  9. 15 
(1C  cc) 

4.45  0 

30 

300 

660 

3*0 

5.8 

83 

(9/12) 

3-C  Slot  311  9,15 

(10  ce) 

4.4J  0 

17 

46o 

650 

310 

5.6 

( 9 m 

3-0  K1  on  9.15 

ealtied 
(10  cc) 

4.45  91 

86 

530 

675 

310 

5.0 

90 

(9/11*) 

3-0  31  on  9.15 

•raltlcel 
(10  cc) 

4.45  52 

65 

83 

405 

445 

420 

310 

5.8 

94 

550 

91 

(9/15) 

3-0  Hi  on  9.15 

culticol 
(10  cc) 

4.45  23 

75 

97 

385 

415 

46o 

310 

5.8 

100 

520 

92 

(9/16) 

3-0  n..- 120.1  9,15 

ce) 

4.45  0 

600 

310 

5.8 

93 

(9/17) 

3-0  5  Pt  on  9.15  . 

c  -  jn 

(10  -c) 

4.45  g- 
47.5 

450 

£5 

625 

310 

5.8 

94 

(9/18) 

3-0  Pt  on  9.15 

Filtered. 

(10  ce) 

4.45  0 

35 

550 

630 

310 

5.6 

95 

(9/29) 

3-0  Ru  on  >,15 

1/8" 

4.45  0 

12.5 

41.5 

49.0 

475 

550 

«35 

675 

310 

5.8 

96 

(9/30) 

52 

705 

3-0  Ru  on  9,15 

1/8" 

4.45  3 

26,5 

550 

635 

310 

.5.8 

fes. 

46,5 

705 

($1) 

3-0  j^g“  9.15 

4.45  0 

26.5 

55° 

635 

310 

5.8 

96 

(10/1) 

3-0 

14*  on 
1/8" 

9.15 

4.45 

0 

17 

635 

895 

310 

(10^5) 

3-0 

0.5*  Os 
on  1/8" 

9.15 

4.45 

0 

700 

310 

Refits 

(10  co) 

100 

(10/12) 

3-0 

5*  Pd 
on  AlgO, 
Powde?  3 

9.15 

4.45 

0 

55 

boo 

825 

310 

(10,00) 


5.6 


11.8 


11.6 


Re aarka 


Catalyst  reduedd  16-hrs 
et  375*?  la  Hg. 


Catalyst  -not  -reduced  prior 
to  use. 


Prepared  by  decsnpoaltion 
ef  reagent. grsde  nickel 
fersate 


Reduced  for  two  hour*  at 
650*?. 

Reduced  16  hours  et  too*? 
icRg 

Reduced  -70  cdn.  at  625*? 
lull. 

Fine  nesn  (150-200)  re¬ 
duced  35  hours -at  J50*?. 

Catdyoc :Cct -reduced  prior 
to  use.  BlO  co. activated 
A^Og  l/B”  pellets. 

Rrejared-frcci  nickel -furcate 
proelpsted  CEkisultlcd  aal 
decomposed  at  500*7. 

P*ep«td-by  dissolving 
S1(C0S3)  in  cone.  H2.03  and 
adding  icfiltlcel  to  fold  a 
thin  paste,  paste  ni 
heated  at  209  to  reaore 
®»  <u»S  7-0  and  then  decco- 
posed  at  500*7. 

Catalyst  .cue  as  In  run  of 
9/1**.  Reduced  16  brs  at 
530  F  In 


m  d-C,  pellets  not 
reduced  prior  to  use. 

catalyst  reduced  16  hr* 
at  500*7. 


Prepared  by  precipitating 
Ft  on  Filtered  in  a  slurry 
vith  sodlun  foisnte.  Pt 
~25*  wt.  of  catalyst. 


surface  area  1/8™  AU0, 
spheres.  Ho  reduction3 prior 
to  use. 


Catalyst  of  test  #95  reduced 
OTerolght  at  300*7  in  Hg. 


Prepared  hy  itnaerslng 
spheres  In  RuO.-LO  solution 
followed  by  tviporatii^  to 
dryness.  Reduced  overnight 
at  300*7. 

Prepared  by  lsaorslng  spheres  in 
perchloric  acid-RuOg  nlrture. 


Catalyst  washed  with  concentrated 
E80j  for  10  Bin.  et  rooa  teaperature. 


Catalyit  unreduced  prior  to  use; 
obtained  freo  Ecgelhard. 


i 

! 

! 


I 
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Tect 

fc>. 

COCT. 

Catalyst 

Tea?.*? 

Bjnee*  , 
Vnl.-Er  1 

Stay  Sine 
Sec. 

101 

(10/13) 

3-0 

#  Eh  on  9.15 
Carbon 

Powder 
(10  ee) 

h.h5 

0 

650 

310 

11.6 

102 

(10/1*) 

3-0 

5*-Kh  so  9.15 
Carbon 

Pswdsr 
(10  ce) 

b.h5 

0 

625 

310 

H.6 

103 

(10/ib) 

3-0 

5*  Pd  on  9.15 
Carbon 

Border 
(10  *'.) 

4-1*5 

0 

37 

375 

55  J 

310 

11.6 

10h 

(10/15) 

3-0 

5$  Pd  cu  9.15 
Carbon 

Powder 
(10  ce) 

h.h5 

0 

37 

450 

625 

310 

11.6 

k>; 

(10/15) 

3*tf 

H 1-0302  9.15 

4.15 

37 

725 

310 

11.6 

106 

(JO/19) 

3-0 

Ru  on  1/8*  9.15 

h.h5 

33 

*7 

615 

725 

310 

11.6 

107 

(10/20) 

3-0 

Ea  on  1/fT  9.15 

h.h5 

0 

600 

310 

11.6 

108 

(10/28) 

3-0 

Ru  oa  9,15 

200-ocsh 
•tsinlei*- 
ctcel  genre 

h.h5 

0 

600 

310 

11.6 

(10/29) 

3-0 

Ru  33  9.15 

200  cash 

h.h5 

0 

725 

310 

11.6 

Hickel 

gauze 


Eexarii 


Crtelyst  tnrertaeed  prior  to  u*e; 
obtained  tita  Engelbert. 


See  catalyst  ae  10/13,  reduced 
lo  hours  at  375 *7. 


Catalyst  unreduced  prior  to  use; 
obtained  frea  Ergeihart. 


Seae  catalyst  as  10/l>»,  reduced 
16  hours  at  300*?. 


Catalyst  obtained  free  Earshev, 
reduced  for  16  hrs  atJi00*7. 

Catalyst  prepared  by  wapor  deposition 
of  Ru0„  on  bore  alizrina  support/ 

Xrtxz  BSOj-^o  solution. 

Pellets  rapoixlepooited  vlth'KuO_, 
trcnRJX-TLO  solution  followed  2 
by  oxidation  la-pure  0_set:900*7, 
followed  bj  reduction  inB_0  for 
16  hrs  at  250*7.  * 

She  catalyst  wss  prepared  by 
lrncerslng  200  nesh  stainless-steel 
gauze  vhlch  Is  In  direct  contact 
vith  pure  nlciel  foil,  In  a  Rua-H-O 
solution.  She  . gauze  was  then  cut  2 
into  circles  the  sane  radius  as  the 
3-0  reactor  ana  counted  on  a  stain¬ 
less  steel  therzxwell. 

This  zstalyst  was  prepared  In  the 
scae  fashion  as  the  8talnles*-Bterl 
puze  catalyst  sentlcned  In -Test 
#108,  with  the  exceptions  that  nlckol 
gauze  alone  was  placed  In  the  RuO. 
solution;  and  the  plated  gauze  vss 
cut  Into  thin  strips  and  wound  Into 
e— all  balls. 


CO 


Test 

Ho. 

Reactor 

So. 

Catalyst 

i  CC^ 
coavf 

Catalyst 
Temp.  *r 

Space1  , 
Vel.  Hr-1 

Stay  Time 
Sec. 

no 

(11/2) 

3-0 

0.5?  Ru  9.15 

*1.1*5 

1 

60 

83 

475 

g 

310 

12 

m 

(U/3> 

3-0 

Ch??St3on 

"2°3 

4.1*5 

1 

77 

4ic 

SlO 

310 

12 

(10  ce) 

112 

(11A) 

3-0 

2:1  mixture  9.15 
of  0.5?  Ru 

4.45 

1 

71 

465 

600 

310 

12 

O?5?^t3on 

84 

6 90 

^°3 
(10  cc) 


Hesarta 

V®*  Pellets  (Engelhard)  vere  ground 
to  200-aeah  powder  aM  tested  without 
prior  reduction 

1/6"  pellet*  (Engelhard)  vere  grotad 
to  200-mesh  povder.  Then  10  cc  0.556 
bu  os  AUO,  vis  thoroughly  nixed  with 
5  ec  0.5?  Pt  os  AlpO,.  This  mixture 
of  powders  was  then  deduced  for  tiD 
hr*  at  200  ?  la  hydrogen,  and  eUbse- 
Sueotly  tested. 

Bare  nlrture  a*  Test  #111,  hut  la 
addition,  mixture  was  reduced  for  16 
hours  at  210*P  aad  then  tested. 


113 

(11/5) 

3-G 

1:1  mixture  9.15 
of  a. 5?  ru 

4.45 

1 

61 

420 

465 

310 

12 

O.55^?d3on 

95 

700 

114 

(11/6) 

cc) 

3-0 

Catalyst  of  9.15 
Test  #113 
(10  cc) 

4.45 

0 

98 

400 

650 

310 

12 

115 

(11/10) 

3-0 

0.5?  Pd  on  9.15 
Al2°3 

4.45 

1 

71 

500 

700 

310 

32 

£ 

00 

3-0 

Ru  metal  9.15 

powder 

(10  cc) 

4.45 

90 

35 

100 

750 

385 

435 

117 

(11/20) 

3-0 

Ru  metal  9.15 

powder 

(10  cc) 

4.45 

1 

32 

47 

35C 

400 

410 

310 

12 

67 

420 

99 

435 

1/8"  pellets  (Engelhard)  were  ground 
to  200-aesh  powder.  Then  5  cc  0.5? 

a^cc^  vith 

ly  tested. 


- -  w  U4JU.U  WiWI 

i  Al^Oy  and  subsequent- 


100#p  in  ^-C02  ambient. 


swh>h.i,u  USB 


l/6  pellets  (Englehard)  were  ground 
to  200-mesh  powder  and  subsequently 


— —  nngeunam  aad 

Goidealth.  The  powder  via  boiled  la 
5H  SJJ0_  for  10  ala.  aad  then  thoroughly 
washed  ■'prior  to  use,  ^ 


Sane  powder  tested  la  Test  #116. 


118 

(11/23) 

3-0 

Ru  octal 
povder 
(10  cc) 

9.15 

4.45 

98 

44o 

510 

12 
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Ssae  catalyst  as  the  one  tested  la 
test  #117.  The  reactor  was  held 
Under’  a  vacuum  during  this  run, 
the  pressure  ki  reactor  being  10  pels. 
Sane  catalyst  Is  la  test  #118.  The 
reactor  was  again  held  under  a  vacuum, 
the  pressure  being  5  psia. 

Same  catalyst  as  tested  la  test  #17. 
Reduced,  for  16  hrs  at  315  *F  prior  to 
use.  Reactor  held  under  vacuum,  the 
pressure  being  3  pals. 

Some  catalyst  as  In  test  #120.  Re¬ 
actor  under  vacuum,  pressure  belr* 

10  psia. 

Sane  catalyst  as  in  Test  #121,  Re¬ 
actor  under  atmospheric  pressure. 


Same  catalyst  as  In  Toots  19, 
Reactor  at  atmospheric  pressure. 
IXaation  run  for  thirty  dsya  did  not 
change  performance  or  appearance  of 
catalyst.  Conversion  varied  between 
98  and  99?,  Hydrogen  sulfide  injec¬ 
ted  into  feed  gas  stream  at  15  min. 
intervals,  quantity  0.01  cc.,  for 
periods  of  six  hours  on  27th  to 
29th  days  did  not  cause  any  change 
In  conversion. 
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